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Chapter 1
Sructure of the User Guide

Road Map

Version 8.5

The OPERA-2d User Guide is structured into the following chapters.

| mplementation Notes

The OPERA-2d software can be used on both PCs and workstations, using a vari-
ety of operating systems Each has different ways in which the software should be
installed and run. This chapter outlines the differences between the systems as it
applies to running the software.

Program Philosophy

An overview is given about the underlying philosophy of the software - the fact
that models are created in a pre processor including material definitions and mesh
generation, and the computed results viewed and processed in the post processor.
Both of these functions are carried out in asingle module, called the pre and post
processor, so that whilst viewing results, changes can immediately be madeto the
model in order to optimise adesign.

Getting Started

A large portion of the User Guide isin this section, where a detailed description
of how amodel is prepared and analysed is given. New users are encouraged to
spend some time going through this chapter, asit will answer many questionsthat
can otherwise arise when using the software.
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Chapter 1 - Structure of the User Guide

Analysis Programs

A review of the analysis programs available in the OPERA-2d suite is given in
this chapter. In addition, some details are given on the finite element method and
accuracy of the method, along with detailed descriptions of the techniques used
in each solver.

Application Notes

This chapter contains anumber of useful techniques that can be used for perform-
ing various tasks. If a question arises asto how to use the software in aparticular
way, this chapter should first be consulted in case an answer is presented.

Tutorials

A series of examples using the software is included. Each attempts to highlight a
typical application using various analysis modul es.
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Chapter 2
| mplementation Notes

UNIX Implementation

Environment Variables

Setting asingle A variable vEdir should be set to the installation directory (for example  /u/
Commandtorun Vfopera). OPERA-2d and OPERA-3d, including all analysis programs are then
OPERA run as follows:

$vfdir/opera/dcl/opera.com $Svfdir

The directory name, $vEdir must be given as a parameter as shown above, so
that the lower level shell files can be accessed properly. The command should be
used in the definition of an alias (C-shell) or should be entered into an executable
file somewhere in your search path so that a single word can be typed to start the
software.

For example (C-shell):

Create an entry in $home/.cshrc:
alias opera ’'$vfdir/opera/dcl/opera.com $vidir’

For example (other shells):

Make sure your home directory is included in $path. Create an executable file
called $home/opera containing the one line:

$vfdir/opera/dcl/opera.com $vfdir

]
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2-2 Chapter 2 - Implementation Notes

Graphics The environment variable VFGRAPHICS is used to set the output of the soft-

Variables ware, wherethe optionsare SCREEN, FILE, BOTH or NONE. For normal oper-
ation, this should be set to SCREEN. The graphics software creates an initial
graphics window. There is a default size built into the programs, but this can be
over-ridden by environment variables, VFWINDOWW and VFWINDOWH,
which give the width and height of the window in pixels. If one of the environ-
ment variables does not exist or has a value out of range, a message giving the
valid range of valuesis printed and the default values are used.

The graphicswindow is positioned at the top |eft of the screen. Thusthe programs
should be started from a terminal window at the bottom of the screen. The size
and position of the graphics window can be adjusted using the window manager
functions available through the mouse buttons. Subsequent pictures are scaled to
fit the new window size.

Text and If theenvironment variable VFINV isset to INVERT, theinitial setting of text and
Background background colours will be black on white instead of the default of white on
black.

Starting the Software

This document assumes that the environment variables specific to OPERA have
been set as explained in the previous section. In most casesit is advisable to run
the programs from a suitable user directory rather than the directory containing
the Vector Fields software. Similarly, it is also advisable to run the software as a
“user” rather than as" system manager” sincethis protects against accidental over
writing of files.

Hence, as a user from a suitable local directory, OPERA may be launched by
entering:—

opera

If both OPERA-2d and OPERA-3d are installed, then the system prompts for a
choice and, for example, OPERA-2d could be selected.—

2d or 3d processing or QUIT?

2d

(If only one of OPERA-3d or OPERA-2d is installed, then this choice is not
given).

|
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Thisisfollowed by alist of options relating to processing environments and anal -
ysis modules available. For example, the pre and post processor could be
selected:—

Option:

1%

If you have not set the display environment variablesin your system (see earlier)
then you are requested to select a method of graphics display. In this case select
the screen:—

Graphics options: SCREen, FILE, BOTH or NONE? >SCre

A graphics window is then opened (in addition to the text window) and control
moves to the menu system. Access to the menu system isfrom the main menu bar
at the top of the graphics window.

The command to create the terminal window can be incorporated into the com-
mands to start the programs.

File Names and Extensions

Files created by the programs have extensions supplied by the programs. The
extensions are upper-case for upper-case file names and lower-case for |ower-case
file names. The file name extensions are as follows. Some file extensions are
common between 2d and 3d programs. For example .bh files.

.bh B-H datafiles created by OPERA-2d/PP
.0p2 datafiles

.mesh mesh files

Sanalysis’ |result files from analysis (AC, SA, ST, TH, TR,VL or RM)
.res log files created by the analysis programs
.dem design environment data file

.emit emitter files used for space charge problems
.comi command files

.tracks particle tracking files.

.table tablefiles

.ps postscript format graphics files

.hal hpgl format graphicsfiles

.pic internal picture file format

]
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2-4 Chapter 2 - Implementation Notes

Various log files are created during the running of the pre and post processor.
These are:

Opera2d PP _n.Ip |All user input and program responses are recorded
here

Opera2d PP_n.log |User input is recorded here. These can be reused as
input to the program by converting to .comi files

The log files are stored in a sub-directory of the project folder opera_logs. The
file history is always retained. Each time the software is started, new log, Ip etc.
files are generated. Previous files are not over written. The history is retained by
attaching a number, n to thefiles. The value of n is chosen to be the lowest avail-
ableinteger not already in use. Thismay |ead to asituation where the lowest value
of n isnot necessarily the oldest file: for exampleif some older files were del eted,
those values of n are re-used | ater.

COMI Files

The .comi fileis a command file, that can be run using the $ COMINPUT com-
mand, or using File — Commands In menu. Thefileisatext file, that can be cre-
ated using a standard text editor, or copied from a.log file. The.comi files can also
be used to automatically start up the interactive programs. Each interactive pro-
gram always reads the appropriate .comi file on start up (although they are nor-
mally empty, the user can add commands if desired).

opera2.comi - The pre and post processor always readsthis file first.
opera2_de.comi - The Design Environment pre and post processor always reads
thisfilefirst.

BH Files

The directory $vfdir/bh contains sample BH data files for use with OPERA-3d
and OPERA-2d. The directory also includes an index bh.index.

Picture File Softwar e

The directory $vfdir/picout contains software for replaying picture (*.pic) files
created by the pre and post processor. It can be used to redisplay graphicsin apic-
ture file on the screen or to convert the file to Postscript or HPGL for printing. It
is documented in the Reference Manuals under the DEVICE and DUMP com-
mands.

|
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Adjusting the Program Sizes

If you have a FORTRAN compiler, the sizes of some of the programs are adjust-
able. The standard upper limits on problem size are defined in the Reference Man-
ual.

To enable users who have access to computers with large amounts of memory to
solvelarger problems, the ‘main’ routinesand all the libraries necessary to re-link
the programs have also been supplied.

In the OPERA-2d PP directory there is afile called pp.inc. This file contains a
parameter statement which setsthe maximum size. To adjust the size of aprogram
edit the pp.inc file and re-link the program using the shellscript file

$vfdir/install/makeprog $vfdir
which supplies the UNIX make command with the required flags

Each main routine also includes afile caled pp.inc, which contains a parameter
statement which sets the maximum size. To adjust the size of a program, change
directory to the ‘home’ directory of the program, edit the include file, pp.inc and
re-link the program using the shellscript file

$vfdir/install/makeprog $vfdir
which supplies the UNIX make command with the required flags

The libraries of compiled FORTRAN supplied on the CD-ROM were compiled
with native FORTRAN compilers, so may not be compatible with other compil-
ers.

If the program sizes are adjusted, this fact should be declared when calling for
User Support.

Swap space (Virtual Memory)

It should be noted that larger programs need larger amounts of memory. If phys-
ical memory is exceeded, swap space will be used instead. Excessive use of swap
space will degrade the relative performance of the programs for large problem
Sizes.
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Running OPERA off-line (Advanced Users)

It is sometimes beneficial to run the complete cycle of pre processing, anaysis
and post processing from a single command line script. It is particularly useful
when large amounts of post processing are required or when a repetitive post
processing task needs to be carried out. Users familiar with the Vector Fields
command language can use the off-line facility for modifying .OP2 files, running
an analysis, post processing and then repeating the cycle many times, all from one
script. (Note that since the analysis can be started from within the pre and post
processor, the following can aso be achieved with asingle .comi file).

An example of a C-shdll script with comments is shown below:

#!/bin/csh
# An example of 'Off line’ running of OPERA-2d
# it is run by typing ’script’ which should be set as executable

# When the Pre and post Processor is run it uses commands stored in
# a file opera2.comi

# VFGRAPHICS is set to none, so the graphics screen is disabled.

# The commands are from the ’'Command language’ as defined in the
# reference manual

# START OF SCRIPT

# Set the environment variable responsible for saying what
# happens to graphics output - here we turn screen output off

setenv VFGRAPHICS none

setenv VFDIR S$vfdir

# Removes old files :

rm example.op2

rm example.res

rm opera_logs/Opera2d*.*

unalias cp

# copy the commands in prel.comi to opera2.comi, which is
# automatically run when the Pre and Post Processor starts

cp prel.comi opera2.comi

# prel.comi is a VF command script which could generate
# a .op2 file which must include analysis options

# run the Pre and post Processor using the answers to questions
# stored in ’runpre’

$vfdir/opera/dcl/opera.com $vfdir < runpre

# runpre contains for example:

OPERA-2d User Guide
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#

solve the problem

$vfdir/opera/2d/st/st example.op2

#
#
#

copy the post processing commands to opera2.comi which is
automatically run when the Pre and post Processor
is started

cp postl.comi opera2.comi

#
#
#

#

postll.comi is a VF command script which could, for example
read in a .st file, calculate some forces and dump the results
out to another file.

run the post processor

$vfdir/opera/dcl/opera.com $vfdir < runpost

H*H HF H H*

H*+ HF

runpost contains for example:
2D
PP
Q

remove the opera2.comi file, otherwise it
would be called when the user launched the software for
normal operation

rm opera2.comi

#
#
#

please note that when running in this fashion it is useful
to place the command ’Scomi mode=cont’ at the top of command
files to stop the text window pausing when full.

OPERA-2d User Guide
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Windows I mplementation

Licensing

All OPERA software running on a PC requires a dongle security device to be
attached to one of the parallel ports on the back of the computer. Dongles are pro-
grammed at Vector Fieldsto allow licensed software to be run. If further licences
arelater purchased, Vector Fields can supply codes and instructions on how to re-
programme the dongle; a new dongle is not required. Most implementations use
the local (white) dongle which must be attached to the machine where the soft-
wareisto berun. It isalso possible to have network (red) dongles where the don-
gleisattached to aserver PC and other PCs on this network can then use OPERA.

In order for the dongleinstallation to work correctly the following stages must be
carried out depending on whether you have a local (white) dongle or a network
(red) dongle.

Local Dongle 1. Connect the dongleto the parallel port (connect to either port if thereis
more than one).

Install the latest version of OPERA.

When the install ation completes, the software will prompt you to install the
“dongle device driver”. All usersinstalling the software for the first time
should answer “yes’. On Windows NT systems, users must have adminis-
trator privilege to perform this function.

4. Utilitiesare provided on the CD and the OPERA console for checking don-
gle status, removing the device driver and installing the device driver. The
install and remove options can be run on NT only by users with Adminis-
trator privilege.

=

Network Dongle Connect the dongle to the parallel port of the server PC (connect to either
Server PC port if there is more than one).

2. Instal OPERA if required to run on the server PC. (If installing on the
server, answer Y ES to the question regarding installing the dongle device
driver and go to step 4).

3. Fromthe start-up screen of the OPERA CD, under network dongle utilities,
select “Install dongle device driver”. On Windows NT systems, users must
have administrator privilege to perform this function.

|
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4. From the same screen run “Install nethasp licence manager”. This utility
must be run on the server PC where the dongleis attached. Thiswill launch
the installation of a Nethasp license manager program. Select “typical
installation” and the manager should be activated automatically. Compre-
hensive on-line help is supplied.

A range of toolsis provided to help with configuring the network dongle. These
can be installed from the CD (under network dongle utilities).

Network Dongle- 1. Install the latest version of OPERA if required on the client PC.

Client PC 2.  Whentheinstallation completes, the software will prompt you to install the
“dongle device driver”. Thisis not necessary as the driversreside on the
server PC.

3. Start the OPERA console (see below) and select:

Options )
Licensing — Set Dongle Type — Network

Updating Licences

If licenses need to be updated (extra software is purchased for example), this can
be carried out by the user, and a new dongle is not required.

1. Start OPERA
2. From the main OPERA Console (see below) select:

Options )
Licensing — Update Dongle Licensing...

3. Select Read Codes From File and select the file containing the new codes.
Thefile should be in plain text format.

The OPERA Console
The OPERA Console is started from the menu bar as follows:

Start — Programs — Vector Fields OPERA — OPERA 8.5

Alternatively the console can be started from the system icon tray.

]
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2-10 Chapter 2 - Implementation Notes

Click on the blue and white VF icon as shown here: .

The consoleisthe ‘navigation centre’ for the complete suite of OPERA software.
It allows the following operations:

e Setting of 2d and 3d project directories

» Launching the 2d and 3d pre and post processors

» Launching analyses and organising batch runs

» Viewing analysisresult log (.res) and emitter (.emit) files

e Changing the CPU priority for an analysis

» Listing and updating licensing

» Adjusting some windows parameters, including reversing the foreground and
background colours, adjusting the Graphics Window size and the Text IO his-
tory buffer.

All options will be shown in the console menus, but only licensed modules will
be available. Contact Vector Fields for licensing information. Using the mouse
right button on the system tray VF icon will bring up asimilar range of optionsto
those available on the menu bar.

When starting the 2d or 3d pre/post processors for the first time, a project folder
will be requested. This can be changed at any time, but you will not be prompted
when you subsequently start the software. This is the default folder in which
OPERA will be working.

Running OPERA Pre and Post Processing

OPERA-2d The OPERA-2d pre and post processor is started from the console menu bar as
follows:
OPERA-2d |

Pre and Post-Processor

The project or working folder can be changed from the default:
OPERA-2d |
Change Project Folder — OPERA-2d ...

The dialogue box will then allow you to browse your computer’s folder structure
or enter a path name directly. A new folder name can be added if required.

|
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Running OPERA Analysis M odules

I nteractive All the analysis options are now set in the pre processing. It is possible to run
Solutions interactive analyses directly from the pre processor. To interactively run from the

console menu bar, the OPERA-2D or OPERA-3D analysis modules are
accessed as follows:

OPERA-2d/3d |
Interactive Solution ...

The appropriate analysis module and .op2 or .op3 file are then selected

Once an analysisis started, awindow will appear indicating the various stages of
the solution process. When complete a Windows message will appear asking if
you wish to close the solver window. This gives you the opportunity to scroll
through the solution stepsif you wish. Alternatively you can view the saved .res
file for similar information. It is usually a good ideato view the .res file as any
run-time problems will have been listed here. The file is viewed with the default
editor (notepad) as follows.

File |
Display Res File ...
The default editor can be changed from the console menu:

Options )
Change Editor ...

Batch Solutions  Datacan be placed in batch files for later analysis. Many separate analyses can be
added to abatch file for overnight or weekend runsif required. To select afilefor
running in batch:

OPERA-2d/3d |
Add to batch queue ...

Once all the required files have been added, the batch file can be started:

Batch Process |
Start Batch Analysis ...

Optionsto clear or list the batch queue are also avail able under this menu item.

]
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Running OPERA-2d off-line

A utility program called winbat.exe has been included with OPERA to allow the
automatic execution of analyses from simple command scripts. This removes the
need to interact with the OPERA consoleif alarge number of analyses with post
processing need to be carried out. The program winbat.exe is run from a com-
mand/DOS prompt and requires the name of the file containing the command
script as a parameter. For example:

winbat.exe script.batch

The command script contains a series of commands, that use an identical syntax
to normal DOS batch commands. To see the syntax type help command ina
DOS window. The commands available are listed below:

copy, del, move, rem, dir, for, mkdir, rmdir, echo, cd,
set.

The ed and set commands are simple implementations only, without the full
features available.

All standard executable files ending with the extension .exe, .bat and .com can be
executed from the script. Specifying the full path to the executable is advisable.
Paths or filenames that include spaces must be enclosed in quotes* .

The program winbat.exe can be executed with a—n switch. Thiswill prevent the
compl etion message being displayed, and isuseful if thewinbat programis called
from within a script.

Examp|e REM Set some variables
REM Set installation folder
| set VFBATCH=C:\program files\Vector Fields\OPERA 8.5
REM Set local folder
| set LOCALDIR=C:\opera\workl

cd %$LOCALDIR%
rem set the comi file for running the pre and post-processor
copy mypre2d.comi opera2.comi
rem launch the pre and post-processor
rem note that the quotes are required to run correctly
REM /local runs in current folder
REM /min runs iconised
"$VFBATCH%\pp\pp.exe" /local /min
REM Run the analysis on the OP2 file created by the
REM Pre and post-processor command script
| "$VFBATCH%\solvers\2d\st.exe" "$LOCALDIR%\mydata2d.op2"
REM prepare the post-processing command file
copy mypost2d.comi opera2.comi
REM launch the Post-processor
"$VFBATCH% \pp\pp.exe" /local /min

|
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REM clear out the command input files
del opera2.comi

Please note that for users running Windows NT, 2000 and XP, it is not necessary
to use winbat.exe. Batch scripts as above can be run directly. If running directly
under NT, 2000 or XP the ed command should be replaced with ed /D

Text 1O Window

The OPERA pre processor alows for data entry via the keyboard. This is
achieved by selecting MENU OFF from the top menu bar. A text input window
prompts the user to enter the appropriate commands. Thiswindow may be moved
or resized just like any other window. Its contents may be scrolled, either by using
the scroll bar, or with the <up-arrow>, <down-arrow>, <page-up> and <page-
down> keys. If the prompt is out of sight, pressing the <return> or any other char-
acter will scroll the window back to the prompt.

The line currently being entered may be edited; the <Insert> key toggles between
overstrike and insert mode, with the cursor prompt changing to indicate the mode.
The <left-arrow>, <right-arrow>, <home> and <end> keys may be used to move
the cursor prompt. Deletion can be done with the <backspace> key.

Previous commands that have been executed may be re-selected by pressing
<shift up-arrow> or <shift down-arrow>. These commands can be edited as
described above and then re-issued with the <return> key.
The number of linesin the Text |O history buffer can be controlled using:
Options )

Window Preferences
and set the value of Message Screen History.
The Text 10 window can be hidden or ‘aways on top’ using the top (grey) menu
bar command:
View |

Console

Typing * (normally SHIFT+6) at the cursor prompt will restore control to the
menus.

]
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File Names and Extensions

Files created by the programs have extensions supplied by the programs. The
extensions are upper-case for upper-case file names and lower-case for |ower-case
filenames. Thefile name extensions are asfollows. Somefile extensions are com-
mon between 2d and 3d programs. For example .bh files.

2D Files
.bh B-H datafiles created by OPERA-2d/PP
.0p2 datafiles
.mesh mesh files
Sanalysis’ |resultsfilesfromanaysis(AC, SA, ST, TH, TR,VL or RM)
.res log files created by OPERA-2d analysis programs
.dem design environment datafile
.emit emitter files used for space charge problems
.comi command files
tracks particle tracking files
table tablefiles
.ps postscript format graphicsfiles
.hgl hpgl format graphicsfiles
.pic internal picture format graphicsfiles

Various log files are created during the running of the pre and post processor.
These are:

Opera2d PP_n.Ip |All user input and program responses are recorded
here.

Opera2d PP_n.log |User input is recorded here. These can be reused as
input to the program by converting to .comi files.

| Thelog files are stored in a sub-directory of the project folder opera_logs. The
file history is always retained. Each time the software is started, new log, Ip etc.
files are generated. Previous files are not overwritten. The history is retained by
attaching a number, n to the files. The value of n is chosen to be the lowest avail-
ableinteger not already in use. Thismay |ead to asituation where the lowest value
of nisnot necessarily the oldest file: for exampleif some older files were del eted,
those values of n are re-used later.

|
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COMI Files

The .comi fileis a command file, that can be run using the $ COMINPUT com-
mand, or using File — Commands In menu. Thefileisatext file, that can be cre-
ated using a standard text editor. The .comi files can also be used to automatically
start up the interactive programs. Each interactive program always reads the
appropriate .comi file on start up (although they are normally empty, the user can
add commands if desired).

opera2.comi - The pre and post processor always reads thisfile first.
opera2_de.comi - The Design Environment pre and post processor always reads
thisfilefirst.

BH Files

The bh folder in theinstallation folder contains sample BH datafiles for use with
OPERA-2d and OPERA-3d. The folder aso includes a bh.index file.

Windows M enus

In addition to the standard GUI menus, there is a set of additional menus specifi-
cally for the Windows implementation. Their function isto control the behaviour
of the OPERA pre and post processor within the Windows environment.

FILE Menu The FILE menu alows printing of thewindows, and displaying somerelated files.

Selecting FILE — Print allows printing of all the windows, or just the graphics
window. If A1l Windows isselected, then the surrounding border and the OPERA
GUI menus areincluded in the print. If Graphics Window isselected, thetop level
menus are omitted (but any pull-down menus overlapping the graphics window
are included in the print). The Windows print manager is used to perform the
printing in the usual way.

Theoption FILE — Display Res File launches Windows Notepad and prompts
for the file to be loaded. All files with the .res extension are displayed for selec-
tion.

The option FILE — Display Emit File is similar to above, with files having
extension .emit displayed for selection.

]
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[\ PP: OPERA-2d PRE and POST Processor
Edit ‘window Help

i A Al windows. . m
Graphics Window ..
Dizplay Bes file ... Graphicz Window
Display Emit file ...
Exit

Figure2.1 File menu including Print sub-menu

EDIT Menu The EDIT menu copiesthe contents of the windowsto the clipboard. Asabove, the
options are for A11 Windows or just the Graphics Window to be copied.

I".? PP: OPERA-2d PRE and POST Processor

File Window Help

Copy to clipboard  » [y ROttt
Graphics Window

Figure 2.2 Edit menu allowing copying to clipboard

WINDOW Menu  ThewINDow menu controls the positioning of the Console and the Graphics win-
dows on the screen.

The options for the Console window are;

Normal: The Console window (showing the equivalent keyboard commands on
menu selection, or alowing keyboard input of the appropriate com-
mandsin place of the GUI) is on top when interacting with it, but is po-
sitioned behind the graphics window when the GUI is active.

Always on Top: The Console window isforced to always be positioned on top of
all other windows.

Hidden: The Console window is deleted completely, but can be displayed again
using one of the above options.

The options for the Graphics window are:

|
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[\ PP: OPERA-2d PRE and POST Processor

File  Edit Help

3 v Hormal
Graphics \Window *  Alwapz On Top
Hidden

Figure2.3 Window menu controlling positioning of Consoleand Graphicswindows.
The Console window options ar e shown.

Restore: The Graphics window is reduced in size, and can then be resized asre-
quired in the normal manner.

Maximised: Thissetsthe Graphicswindow to the default size, where it completely
fills the available space within the OPERA window.

[\ PP: OPERA-2d PRE and POST Processor

File  Edit ARk

Ennsu:ule » _
hr:nphu E Restore
M aximized

Figure 2.4 Window menu controlling positioning of Consoleand Graphicswindows.
The Graphics window options are shown.

HELP Menu The HELP window allows access to the online help. The relevant Reference Man-
ual is present in WinHelp format. In addition, the ABoUT option displays the cur-
rent software version number, and the contact details for Vector Fields.

]
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[\ PP: OPERA-2d PRE and POST Processor

File Edit ‘wWindow Hsl=s

Online Reference banual
Abot

Figure 2.5 Help menu allowing online help to be displayed (WinHelp)
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OPERA-2d is asuite of programs for 2-dimensional electromagnetic field analy-
sis. In addition, there are modules for stress and thermal analysis. The programs
all use the finite element method to solve the partial differential equations that
describe the behaviour of fields. Such equations include:-

» Poisson’s equation

» Helmholtz equation

» Diffusion equation

The solution of these equations is an essential part of design in the following
areas:-

* Magnetostatics

» Electrostatics

» Time-varying magnetic fields (low frequency)

The ability to model non-linear materialsis essential to these applications.

The software uses the finite element method (FEM). Since much information is
required before the analysis may be performed, data entry is carried out using a
powerful interactive pre processor. Using the graphical interaction within the pre
processor, the model space is divided into a contiguous set of (triangular) ele-
ments. The physical model may be described in cartesian or cylindrical polar (axi-
symmetric) coordinates.
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Oncethemodel has been prepared, the solution is calculated using a suitable anal -
ysis module. Several modules exist for analysis of the different types of electro-
magnetic excitation conditions e.g. static, steady state. The analysis program
iteratively determines the correct solution including non-linear effectsif these are
modelled.

The result may then be examined using a versatile interactive postprocessor. As
with the pre processor, this is predominantly controlled by interaction through a
graphica menu system. Many system variables are available for examination,
including potentials, currents, fields, forces, temperature. The additional feature
of user defined variables allows the solution results to be tailored to specific appli-
cations. Numerical errors due to coarse mesh definition are also analysed so that
the mesh can be refined to achieve the required accuracy.

This chapter summarizes the finite element method, which is common to al the
analysis programs, giving suggestions for checking and maximizing the accuracy
of the results, and also gives an overview of the field equations solved and how
the parameters of the pre processor can be used to access specific features of each
program.
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Analysis Programs

There are a number of analysis programs in the OPERA-2d Suite. They all read
data prepared by the pre and post processor and create results files which can be
read by the pre and post processor. The analysis programs are:

Satics:
ST Linear or non-linear magnetostatics or electrostatics with iso-
tropic materials and permanent magnets.
SP Electrogtatics, including the effects of space charge from parti-
cle beams.
Eddy Currents:
AC Steady-state ac eddy currents with linear or non-linear materials

and either current or voltage driven sources. Permeahilities can
either be taken from the region data, looked up from a previous
ST or TR solution, or calculated from the maximum field in the
AC solution. In al cases the permeability can be complex.

TR Transient eddy currents with multiple drives and linear or non-
linear materias, coupled to external circuits.
VL Eddy currents induced by constant velocity motion of one part

of the model with respect to the rest.

RM Rotating Motion Module: a transient eddy current module,
extended to include the effects of rigid body rotation, time vary-
ing currents and coupling to external circuits.

LM Linear Motion Module: a transient eddy current module,
extended to include the effects of linear motion.
SressAnalysis.
SA Stressanalysis, using nodal forces asinput, or body force densi-

ties calculated from an earlier electromagnetic analysis.
Thermal Analysis:

TH Thermal analysis, using nodal temperatures as input, and ele-
ment power densities calculated from an earlier electromagnetic
analysis.

THTR |Transient version of the thermal analysis.

Self Adaptive mesh refinement is now available as a standard feature with the ST,
AC and VL solvers.

]
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Thereisalso 1 utility program:

DXF  |A program to translate DXF data files into OPERA-2d Com-
mand Input Files (.comi).

|
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Program Philosophy

A complete problem solution with OPERA-2d consists of 3 phases: data prepara-
tion or pre processing; analysis; results display or post processing. Because the
pre and post processor is one program, any modification to data can be made
immediately following post processing.

The OPERA-2d M odel

A large number of electromagnetic devices can be represented by a two dimen-
sional model. This assumes that the device fallsinto one of the following catego-
ries:

* rotationally symmetric. Thereis no component of field in the azimuthal direc-
tion, and the field distribution is the same for any axia cross section. In
OPERA-2d, such models are referred to as AXISYMMETRIC.

» long in one direction, with uniform cross-section over much of the length. In
such devices, it is a reasonable approximation to assume that for much of the
length, the field distribution over the cross section does not change and that
there is no component of field parallel to the long axis. In OPERA-2d, such
models have XY symmetry.

Pre Processing

The geometry of adeviceto be analysed by OPERA-2d is presented to the pre and
post processor as a set of polygonal areas or regions on the 2d plane. One region
can be a‘background’ region which covers the whole problem space. The others
are non-overlapping polygons which specify the other materials in the problem.
In magnetic devices, for example, aregion can represent one of the following:

» free-space;

» aconductor with a prescribed or induced current density;

» permeable material with alinear or non-linear material characteristic.

A specia gap region must be defined for the interface region between the stator
and rotor of rotating machines for OPERA-2d/RM. The gap region may also be

used beneficially for e ectrical machine modelswith other analysis programs. See
“Rotating Machines (RM)” on page 5-31.

OPERA-2d/LM models make use of a special remeshing technique that requires
the user to separate the model into three groups of regions: the moving regions,

]
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the static regions, and the regions that allow the motion. During the time stepping
solution process, the moving section of the model is repositioned and a recon-
nected mesh between the moving and the static sections is created. The features
of the LM module are fully described in Chapter “Linear Motion (LM)” on
page 5-41.

Within each region, finite element mesh generation is automatic, using as input
data the coordinates of the vertices and the curvatures and subdivisions of the
sides. There are two classes of regions shapes: quadrilaterals and genera poly-
gons. The mesh within quadrilaterals is generated by transformation to a unit
square and regular subdivision. The mesh is therefore predictable and mesh gen-
eration times are short. Elements with large aspect ratios necessary for small air
gaps can be generated. The mesh within polygonsis generated using an algorithm
based on Delaunay triangulation. Internal nodes are added if necessary to achieve
element sizes which vary smoothly across the regions and element shapes which
are as near to equilateral as possible. Polygons allow large areas of space, espe-
cialy near a‘far-field’ boundary, to be meshed with aminimal number of regions.

To enable repeated structures to be defined efficiently, regions carry with them
replication parameters, which create multiple copies of the region with the same
material properties. Local coordinate systemsare also available with each region.

Region data is entered with the DRAW command, and can be edited with the
EDIT and MODIFY commands. Regions can be copied with the COPY com-
mand.

All the material properties and boundary conditions are stored with each region.
The exceptions to this are the non-linear relationships between flux density and
field strength which are stored as tables of values, related to the regions by mate-
rial code numbers. Such BH tables are defined and edited with the BHDATA
command.

Regions are also used in post processing as the smallest units of area over which
integration can be performed (INTAREA command).

OPERA-2d/PP also has commands for displaying the region data, numerically
and graphicaly (PRINT, RECONSTRUCT), generating and checking the mesh
(MESH, CHECK) and READING and WRITING files. Before writing a data
file, the analysis specific data should be added using the SOLVE command. No
further interaction is necessary before running the analysis program, which can be
started without leaving the pre and post processor.
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Analysis

To provide the additional information necessary for each analysis program, the
SOLVE command is run, which allows the user to define such items as conver-
gencetol erances, output time points, non-linear iteration type, etc. A datafile con-
taining the model and the analysis specific data is created and the analysis is
started. The SP solver also requiresthe creation of a separate datafile that defines
the characteristics of the emission surfaces before the analysis can be run. Once
the analysis has started no further user interaction is required. The programs cre-
ate results files which contain a copy of the data and the solution(s), as well asa
log file containing diagnostics.

Post Processing

The pre and post processor, OPERA-2d/PP, can READ files of results from the
analysis programs, display and process the solutions. The solutions consist of the
nodal values of potential, and element values of current or charge density and per-
meability or permittivity. Any simple field quantity (potential, field intensity, flux
density, current density, etc.) can be displayed at POINTS, along LINES or as
CONTOUR plotsover regions. Algebraic expressions of such field quantities can
also be used.

Further processing can take the form of integrations along lines or over regions
giving values for forces, stored energies etc., or particle trajectory calculations.

Thefirst request for afield value from the post processor prompts the program to
perform ‘field averaging’. The finite element method used gives potential deriv-
atives which are discontinuous from one element to the next. The field averaging
process finds the average from each element which surrounds a node and applies
that average value to the node. (Physical discontinuities are maintained.) The
averaged values are used in al the post processing commands, but some can also
access the un-averaged values. Comparison of the averaged and un-averaged
fields alows an estimate of the local and global errorsin the solution. These error
estimates are calculated following the field averaging and can be displayed in the
same ways as the fields.

The electromagnetic fields, B and H, can aso be calculated by integration of the
magnetisation and current densities in each permeable or current carrying ele-
ment. This feature makes it possible to calculate very accurate results for some
demanding applications, aswell asin the far field.
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Stressand Thermal Analysis

It isoften important to know the mechanical effects of electromagnetic forcesand
the heating effect of currents. For this purpose, OPERA-2d has a stress analysis
program and two thermal analysis programs, which can take as input body force
densities or power densities calculated from an electromagnetic analysis and
return displacements and stresses or temperatures.
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Sarting the OPERA-2d Pre and Post Processor

OPERA-2d and associated operating system software should be installed as
described in the installation notes. Once this has been completed, the program
may be started.

Windows In Windows launch OPERA-2d pre and post processor from the OPERA Console,
which can be activated by pressing on the VF Icon.

Unix To launch OPERA-2d in UNIX, type opera? from the operating system prompt

and theinitial text options for OPERA-2d modules are shown?. The pre and post
processor is selected by typing PP. OPERA-2d then carries out a number of ini-

tialisation steps. The type of graphics display must be given asthe SCREEN.®

Graphics options: SCREen, FILE, BOTH or NONE?>

Type
SCREEN

to select the graphics screen.

1. If thisdoes not work, ask your system administrator to set up an aliasfor opera.

2. If your system has both 2D and 3D Vector Fields software installed, you will be
asked to select 2D.

3. the environment variable VFGRAPHICS can be used to pre-set the response to
SCREEN.

Version 8.5 OPERA-2d User Guide



4-2 Chapter 4 - Getting Started

Pre Processing

The Pre and Post Processor Environment

Upon entering the pre and post processor environment, a graphics window with a
command menu (at the top of the window) is created, asillustrated in Figure 4.1.
The graphics screen is used to display model geometry. Theinitial text window is
used to display OPERA-2d messages, prompts and command line input.

6.0—

50—

30—

20—

0 L L L L L L L L L | 1
8676 20 zo 40 50 60 70 50 60 100 120
X [m]

V. OPERA-2d

Figure4.1 Command menu, graphics screen and display text

Changing the Units

The default set of units are S.1. and the axes are displayed in metres. The default
units may not always be convenient, as is the case here. In this example, a more
suitable length unit is centimetres. To make this change click-on UNITS in the
main menu by:-

» Placing the cursor over the UNITS menu option. Thiswill highlight the option.
» Pressing the left mouse button.

The sequence of menusisshownin Figure 4.2, i.e. select the UNITS item from the
top level menu, select the Length unit item from the next level menu and then

set the units by clicking on the Centimetre item. Thiswill cause the button to be
depressed as seen in the figure.

|
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FILE}

HELE

¥ [m]

Peturn

Figure4.2 Selecting thelength units

This sequence of selections will be represented in these notes by the following
format

UNITS |
Length unit — Centimetre

Select

UNITS |

Length unit — Return
UNITS |

Return

to close the sub-menu and return to the top level command menu. To Refresh the
graphics screen select

DISPLAY |
Refresh

The axes are now scaed in centimetres.

If unwanted sub-menus are selected in error, hitting the Return option closes the
sub-menu. Alternatively, placing the mouse outside the sub-menusand hitting the

left mouse button will close the menus (except in the case of pick menus?), aswill
pressing the Esc (escape) key.

]
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Building a M odel

Figure 4.3 shows a three dimensional cut view of a coil, wound around an iron
“E” shaped former positioned close to a circular metallic disc.

Figure4.3 Three Dimensional View of Coil Former and Disc

10.0
Z [cm]
9.0

8.0

L 1 L 1 L L
10 20 30 40 50 60 70 80 90 100 12.0 14.0

Figure 4.4 Two Dimensional View of Coil Former and Disc

1. These are menus where the user isrequired to pick items from the graphics dis-
play. Thisis recognizable by the cross hair cursor that is displayed.

|
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Using the axial symmetry of the coil, former and disc, it is possible to model this
using atwo dimensional section. The two dimensional representation is shownin
Figure 4.4.

Each component of the model (including air) must be defined as a region (or
regions). A region isthe basic OPERA-2d building block for model construction.
It consists of :-

» A polygon which defines the geometric properties of the component. Once the
model has been completed, thisis subdivided into finite elements by the auto-
matic mesh generator, according to the number of subdivisions assigned on
each side of the polygon.

» aset of characteristics which define the material properties of the component.
These properties include magnetic and electric properties of the region. These
characteristics are specified at the time the region is drawn but may be modi-
fied later.

Setting the solution symmetry and potential

The problem is axi-symmetric with the axis of symmetry displayed asthe vertical
direction on the screen. To set this, select the series of sub-menus

MODEL |
Solution Type — Axi-symm and potentials

Upon selection of the Axi-symmetry option, different types of solution potentials
appear. Select

MODEL |
Solution Type — Axi-symm and potentials — Modified r * A

This will cause the units to be changed and an appropriate message is conveyed
to the user. Click on Continue or press any key to clear the message box. The
menus can be seen in Figure 4.5.

This has now set the model to use axi-symmetry i.e. an R-Z coordinate (cylindri-
cal polar coordinate) system. The solution potential of MODIFIED R* A isamod-
ified vector potential that should be used to improve accuracy near the axisin axi-
symmetric problems.

Close this menu by selecting Return three times.

Refresh the display as before and the axes change to display the R-Z coordinate
System.

]
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FIELDSY MODEL MENU OFF

SEROBLEM DATA
----- i elements

Figure4.5 Setting the solution potential

Drawing regions - modelling the disc
In this example the first step isto create the model of the disc. The material prop-
erties will be defined by selecting

MODEL |
Draw regions — Region defaults ...
. material type

With this menu selection, the parameter box shown in Figure 4.6 is displayed.
Within this parameter box, it is possible to edit the datato set the required material
properties for the disc.

» The <back-space> key can be used to delete values within the box.

» The<return> key will move the focus down to the next item in the box. If the
focusison the Accept button, the values within the box will be accepted, and
the box will be closed.

|
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FIELDZ! MODEL MENT OFF
Solu t_‘i_ on T 'J.-'p =] [-

EH or DE Data|l>

=] lon

. region

F!.Egiljl'l defaults. ..

Material lahel= 3
100

0

= 0

= 0

Dismiss

Figure 4.6 Setting the default material properties

» If amistake is made, the Esc (escape) key will remove the box, and no com-
mand will be issued. This can also be accomplished by selecting Dismiss
using the mouse.

» The <up-arrow> and <down-arrow> keys may be used to change the focus
between different items in the parameter box. The mouse can also be used to
select the item to be edited by positioning over the item and pressing the left
button.

For this model, the disc isto have amateria label of 3, implying that itisaferro-
magnetic material. Also, it is to have a relative permeability of 100. Enter this
information in the parameter box, i.e. setting the material label to 3 and mu to
100. The correct settings are shown in Figure 4.6.

Once complete, move down and select the Accept button.

The first region geometry may now be entered as a polygon defined by a set of
points joined by lines. To position the first point in the polygon (at 0,7), select

Draw regions — New region...
. Polygon — XY input

]
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asshownin Figure 4.7.

FIELDSY MENU OFF

Solution T N

EH or DE Da
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Modl[=~ Mouse input
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Eiasz

Call pet Calculator

Return

R [crm]

[13/409/1999 14:95:03 Page 3 |
NC-DERD A oA

Figure 4.7 Polygon data entry menu

The parameter box is now displayed ready for numeric information. The defaults
for the X coordinate (0), bias, curvature and subdivisions are left unchanged. Only
the Y coordinate needs to be altered, and this should be set to 7.

Select the Accept button, when the data has been entered into the box. A point is
drawn at coordinate (0,7).

The information that has been entered is:
 TheX and Y coordinates of the point being defined.

|
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» The Curvature of the side (equal to L/radius). This allows curved edges to be
modelled. The default value of 0 is used for straight lines. For the first point,
no sideis created so this datais not used.

» The number of subdivisionsfor the side being created. Thisis used when gen-
erating the finite element mesh. Again, for the first point, this datais not used
as no side is being created.

» Bias of the side subdivision. This allows the subdivisions to be concentrated
or graded to either the start or end of the side being created. A value between
0 (the subdivisions at the start of the side are smaller) and 1 (the subdivisions
are concentrated at the end of the side) should be entered. A value of 0.5isthe
default, giving a uniform distribution of subdivisions along the side.

The second point (and theline or sidejoining it to the previous point) may be posi-
tioned in the same way, by selecting
Draw regions — New region...

. Polygon — XY input1

Again the parameter box is displayed and the following should be entered:-

X coordinate = 10
Y coordinate = 7
Line curvature = 0
Subdivision = 20
Bias = 0.5
Accept ‘ ‘ Dismiss

and Accept selected. Thistime the values of curvature, subdivision and bias are
significant as aside is being created.

A second point and the first side of the disc are now displayed, as shown in
Figure 4.8.

An alternative method of creating a line which is either horizontal or verticdl is
achieved using the move feature. In this case a vertica move is to be chosen by

1. Note: It isimportant when defining the polygon geometry, that the New region
. Polygon menuis not closed until the polygon is complete. If this happens, it
will be assumed that you wish to close the polygon, before the definition is com-
plete. With fewer than 3 points defined, the datawill be lost, otherwise a message
box will appear asking if you wish to keep the unfinished polygon. Select No and
start the polygon definition again.
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Figure4.8 Thefirst side of thedisc

Draw regions — New region ...
. Polygon — Y move

The parameter box in Figure 4.9 is now displayed and should be completed as
shown before selecting the Accept button.

Y displacement = 0.5
Line curvature = 0
Subdivision = 3
Bias = 0.5
Accept ‘ | Dismiss

For the last point, select

Draw regions — New region ...
. Polygon — X move
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FIELDZ

Folution

EH or DE Datall>
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Figure4.9 Thecompleted Y move parameter box

A parameter box is displayed and the following should be entered

X displacement = -10
Line curvature = 0
Subdivision = 20
Bias = 0.5
Accept | | Dismiss

and Accept selected.

To complete the disc region, the polygon must be closed.

Draw Region — New region ...
... Polygon — Close polygon
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Complete the parameter box as shown below

Subdivision = 3

Line curvature = 0

Bias = 0.5
Accept ‘ ‘ Dismiss

click-on Accept

Thisdrawsin thefinal side of theregion and theregionisfilled. The cross-section
of thedisc is shown in Figure 4.10.
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Pre and Post-Processor 70

Figure4.10 Thedisplay of the completed disc region

Each region is identified by a number displayed at the centre. The region shown
inFigure 4.10isidentified by the number 1. Now close the submenus by selecting
Return twice.

Drawing regions - modelling the coil

The next region to be specified is the conductor cross-section. The conductor will

be modelled as a single region, even though the actual coil has multiple turns.
Thefields produced by using such amodel are agood representation of the actual
fields. The same techniques used when building the disc will be applied here.

1. Setting the conductivity of the material to zero models a multi-turn coil

|
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Initially the material properties of the region will be set. The settings are a mate-
rial label of 1, a permeability of 1 and a current density of 2e6Am~2. Then coor-

dinates of the region and the side data will be entered.
To set the material properties select

MODEL |
Draw regions — Region defaults ...
. material type

and complete the parameter box:

Material label = 1
Mu or epsilon = 1
Density = 2e6
Conductivity = 0
Phase/angle = 0
Velocity = 0

‘ Accept ‘ ‘ Dismiss

and then Accept
To enter the coordinates of the region, select the following menu items and then
complete and Accept the parameter boxes as shown below.

Draw regions — New region ...
. Polygon — XY input

X coordinate = 1

Y coordinate = 1.5

Line curvature = 0

Subdivision = 3

Bias = 0.5
Accept ‘ ‘ Dismiss

Draw regions — New region ...
. Polygon — Y move

Y displacement = 4.5
Line curvature = 0
Subdivision = 10
Bias = 0.5
Accept ‘ ’ Dismiss

]
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Draw regions — New region ...
...Polygon = X move

X displacement = 2
Line curvature = 0
Subdivision = 6
Bias = 0.5
Accept ‘ ‘ Dismiss

Draw regions — New region ...
. Polygon — Y move

Y displacement = -4.5
Line curvature = 0
Subdivision = 10
Bias = 0.5
Accept ‘ ’ Dismiss

Draw regions — New region ...
. Polygon — Close polygon

Subdivision = 6

Line curvature = 0

Bias = 0.5
Accept ‘ ’ Dismiss

The polygon is now drawn on the screen, giving the display shown in Figure 4.11.

Now Return from the draw polygon menu.

Drawing regions - modelling the coil former using
existing points

The region representing the “E” shaped former is to be drawn next.

The material properties will be set first, giving thisregion amateria label 4 with
a permeability of 300. To do this select

|
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Figure4.11 Thedisplay of thefirst two regions

MODEL |

Draw regions — Region defaults ...

... Mmaterial type

Material label = 4
Mu or epsilon = 300
Density = 0
Conductivity = 0
Phase/angle = 0
Velocity = 0

‘ Accept ‘ Dismiss

and Accept.

For the point definition, a new point will be defined first, using XY input as
before. Selection of existing points from the conductor vertices will be used to
efficiently enter the next 4 points. Three more new points will be defined before

closing the polygon.

To do this select
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MODEL |
Draw regions — New region...
. Polygon — XY input

X coordinate = 0

Y coordinate = 6

Line curvature = 0

Subdivision = 6

Bias = 0.5
‘ Accept ‘ ’ Dismiss

and Accept the parameters. This placesthefirst point of the“E” shaped former at
coordinates (0,6).
The mouse will now be used to select the next 4 points. Now select

Draw regions — New region ...
. Polygon — Mouse input — At old point

asshownin Figure 4.12.

Moving the cursor near to the existing point at (1,6)1, hit the left mouse button.
Thisselectsthe nearest point at (1,6) asthe second point of the*E” shaped former.
The side joining the first and second pointsis aso drawn.

Now continue using the cursor and mouse left button to select the next 3 points
from the conductor geometry by clicking near the following coordinates:

1, 15
3, 15
3, 6

The side data will recalled from the existing conductor sides when adding these
points. This ensures continuity of the mesh. Now select Return to return to the
draw polygon menu before defining the last 3 points using X and Y moves.

1. Itisnot necessary to be exact when positioning the mouse. The nearest point to
the cursor will be selected. If amistake is made the back-track option may be
used to undo a point.

|
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point

.ourved line

Via mid point

Return

Figure4.12 Selecting points by mouse

To draw the remaining sides of the “E” shaped former, select

Draw regions — New region ...
... Polygon — X move

X displacement = 2
Line curvature = 0
Subdivision = 10
Bias = 0.5
Accept | | Dismiss

and Accept. Then select!

1. After filling in the required information, select the Accept button in each case.

]
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Draw regions — New region ...
. Polygon — Y move

Y displacement = -6
Line curvature = 0
Subdivision = 16
Bias = 0.5
Accept ‘ ‘ Dismiss

Draw regions — New region ...
. Polygon — X move

X displacement = -5
Line curvature = 0
Subdivision = 16
Bias = 0.5
Accept ‘ ’ Dismiss

Draw regions — New region ...
. Polygon — Close polygon

Subdivision = 16

Line curvature = 0

Bias = 0.5
Accept ‘ ‘ Dismiss

This gives the display shown in Figure 4.13.

Drawing regions - modelling the surrounding air

For most EM analysis problems, it is necessary to model the air regions surround-
ing the problem. The air regions between the magnetic regions may be drawn in
asimilar way using polygons that fit between and around the 3 regions drawn so
far.

However an aternative and more convenient method is also available. This

method defines a background region 1. This is a region which may be simply
defined and overlaid on the existing model. The spaces between existing regions
are automatically meshed. This method will be used here.

1. Only one background region is permitted in the model

|
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Figure4.13 Thecompleted “E” shaped former

Initially set the material propertiesto air by

MODEL |
Draw regions — New region ...
. Polygon — Return

Draw regions — Region defaults ...
... Mmaterial type

Material label = 0
Mu or epsilon = 1
Density = 0
Conductivity = 0
Phase/angle = 0
Velocity = 0

‘ Accept ‘ ‘ Dismiss

The background region is entered in the same way as other polygon regions
except that the Background option must be selected as shown in Figure 4.14. In
this case the XY input followed by X and Y moves will be used.
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Metur
Mod

Eou ...

ket
Return

Figure 4.14 Drawing the background region

Draw regions — New region ...
... Background — XY input

X coordinate = 0

Y coordinate = 50

Line curvature = 0

Subdivision = 16

Bias = 0.5
Accept | | Dismiss

The display is not large enough to see the new point. To increase the display area
select

Draw regions — New region ...
... Background — Zoom Display — Numerical
axes limits

|
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Display Axes Limits

Horizontal axis
Left | 0 |

Right | 100 |
Vertical axis
Bottom | -50 |

Top | 50 |

asshownin Figure 4.15

For the X move, biasing will be used to keep the mesh more concentrated near the
Z axis (i.e. anumber less than 0.5).
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ELD MENT. OFF

input

input

100

Figure4.15 Re-sizing thedisplay

Draw regions — New region ...
... Background — X move

X displacement = 50
Line curvature = 0
Subdivision = 10
Bias = 0.1
Accept | | Dismiss

|
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Draw regions — New region ...
. Background — Y move

Y displacement = -100
Line curvature = 0
Subdivision = 15
Bias = 0.5
Accept ‘ ‘ Dismiss

For this“X-move’ back towards the Z axis, the biasing will be greater than 0.5.

Draw regions — New region ...
. Background — X move

X displacement = -50
Line curvature = 0
Subdivision = 10
Bias = 0.9
Accept ‘ ’ Dismiss

Draw regions — New region ...
. Background — Close polygon

Subdivision = 25

Line curvature = 0

Bias = 0.5
Accept ‘ ‘ Dismiss

Asthe polygonisclosed, atest is performed to see whether it intersects any other
regions. In this caseit intersects both the disc and the coil former. A message box
appears indicating that points are being added to allow continuity across the dif-
ferent region boundaries. Click on Yes.

Only one background region may be used in amodel. Clear this next message by
pressing any key.

Return to the Model menu by selecting Return twice.

The geometry of the model is now complete, but the mesh should be checked to
ensurethat it is suitable and the boundary conditions for the problem must be set.

]
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Generating and viewing the mesh

Thefinite element mesh will be generated automatically from the subdivision and
bias data of the regions by

MODEL |
Mesh generator — Generate mesh

The mesh generator now operates on the model data and reports on the size of the
mesh in a message box. The message box also reports on the checks carried out
by OPERA-2d on the model. Two warnings are given indicating that boundary
conditions have not yet been applied and that no BH curve has been assigned to

Material 4. Clear the message box to leave the model outline displayed®. Close
the menu using Return

The mesh can be seen by setting the display option to include the FE (finite ele-
ment) mesh as shown in Figure 4.16, i.e.

FI

n nuwhers

[
[
[
[
[

Material numbers

Return

Figure 4.16 Displaying thefinite element mesh

1. Theoutline should be checked carefully. Region boundaries between materials of
the same type are not shown, boundaries between different materials are shown in
white and external boundaries arered. If there are any red lines within the interior
of the model, the mesh is not continuous and must be corrected before an accept-
able solution can be found. If this needs to be carried out amessageis displayed
stating that a number of closed loops have been found.

|
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followed by Refresh giving the display shown in Figure 4.17.
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Figure 4.17 The mesh within the background region

To check the mesh around the coil former and disc it is necessary to resize the dis-
play to be closer to the area of interest. Select

DISPLAY |
Axes limits

Display Axes Limits

Horizontal axis

Left | 0 |
Right | 10 |
Vertical axis
Bottom | 0 |
Top | 10 |

You can also overdraw the axes on the mesh by selecting
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DISPLAY |
Axes — Overdraw axes

and subsequently refreshing the screen. It can be seen that the mesh is not very
good in the air gap, close to the Z axis. Thiswill be improved by

MODEL
Modify regions — Modify sides ...
. by picking — All properties...
...of one side

Select the side of the background region by positioning the cursor inside the back-
ground region near

0, 6.5
and clicking the left mouse button.

Change the number of subdivisionsin the box to 4 as shown below.

Modify Side

Subdivision ’ 4 ‘
Curvature ‘ 0 ‘
Bias ‘ 0.5 ‘

Boundary Conditions
B None

O Assigned potential
O zero normal deriv.
O periodic symmetry

Potential Value [:::::::::::]

’ Accept ‘ ‘ Quit ‘

and press Accept. The screen will be redrawn without the mesh as this maodifica-
tion has destroyed the mesh data.

Now modify the top side of the coil former by positioning the cursor inside! the
coil former. Select

1. The side selected will be the nearest side from the region in which the cursor is
placed. The sides of the coil former will not be found if the cursor isin the back-
ground region.
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MODEL |
Modify regions — Modify sides ...
. by picking — All properties...
...of one side

near
09, 59

and click the left mouse button.

Change the number of subdivisionsin the box to 5 as shown below.

Modify Side

Subdivision ‘ 5 ‘
Curvature ‘ 0 ‘
Bias ‘ 0.5 ‘

Boundary Conditions
M None

O Assigned potential
O zero normal deriv.
O periodic symmetry.

Potential Value [:::::::::::]

‘ Accept ‘ ‘ Quit ‘

Finally modify the sides of the background region above the disc by selecting

MODEL |
Modify regions — Modify sides ...
. by picking — All properties...
...of one side

and clicking in the background region near
0, 10

|
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Modify Side

Subdivision ’ 11 ‘
Curvature ’ 0 ‘
Bias \ 0.05 \

Boundary Conditions
B None

O Assigned potential
O zero normal deriv.

O periodic symmetry

Potential Value [:::::::::::]

’ Accept ‘ ‘ Quit

and below the coil former by selecting

MODEL |
Modify regions — Modify sides ...
. by picking — All properties...

and clicking near

0,

-2

..of one side

Modify Side

Subdivision ‘ 13
Curvature ‘ 0 ‘
Bias ] 0.95

Boundary Conditions
B None

O Assigned potential
O zero normal deriv.

O periodic symmetry.

Potential Value [:::::::::::]

‘ Accept ‘ ‘ Quit
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For these sides, only the bias has been changed to grade the subdivisions and
make them smaller in the area of interest i.e. near the coil former.

MODEL |
Modify regions — Modify sides ...
. by picking — Return

Modify regions — Return

The mesh within the disc is quite poor. Thisis because the mesh generator triesto
form equilateral elements, which means that only one element will be generated
through the thickness of the disc. To improve this, quadrilateral regions can be
changed to give a regular grid of elements. The disc will be changed to a “H”
region. Thistype of quadrilateral requires the subdivisions on opposite facesto be
the same so that aregular grid of e ements can be constructed.

To change to shape “H", select

MODEL |
Change regions — Region Numbers

First region =
1
Accept ‘ ‘ Dismiss

Last region

New shape code

Regular quad (H)
Graded quad (Q)
Polygon
Background

RM Air Gap

~O0000 m

Change Regions

Return

1

and select Regular Quad (H) followed by the Change regions to make the
change, as shown in Figure 4.18

The mesh can be generated again by selecting

MODEL |
Mesh generator — Generate mesh

and refreshing the display. The complete mesh is shown in Figure 4.19.
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Figure4.19 The mesh within the background region
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Setting boundary conditions

Switch the mesh display option off by selecting

DISPLAY |
+Mesh (togglesto -Mesh)

followed by Refresh.

The boundary conditionsthat are to be set are such that the flux will not crossthe
Z axis. Thisisachieved by setting the normal component of B, on this boundary,
to zero. The far field boundaries will also be set with this condition, although the
effect of this boundary condition should be negligible if the boundary isat alarge
distance from the device.

These boundary conditions must be set by selecting
MODEL |
Boundary Cond. — Vector pot — B normal = 0

Hit the left mouse button near the following coordinates, inside the model regions,
to select each of the different sides that exist along the Z axis:-

01, 10
01, 7.25
0.1, 6.5
01, 3
01, -1

To select thefar-field boundaries, resize the screen to the previouslarger limitsby

Boundary Cond. — Vector pot — Zoom display — Bounding box

The screen will resize to the larger limits. Choose the boundary condition to be
applied and then select the remaining 3 sides by:

Boundary Cond. — Vector pot — B normal = 0

25, 49
49, 0 (pressF1totemporarily hide the menus)
25, -49

Restore the menus by pressing F1 again and close the boundary conditions sub-
menu with Return twice.

]
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Specification of BH Curve Data

Although the present problem deals with materials of linear permeability (100 for
the disk and 300 for the former, as specified earlier) the software still requires a
BH curve to be assigned to each material, other than air and coils. ThisBH curve
is used to inform the analysis module that the coercive force is zero in this
instance. The software automatically assigns adefault BH curveto material 3, but
no curve to materia 4 (hence the warning when a mesh was first generated). As
the BH curve will have no effect on the linear solution, the default curve can aso
be assigned to material 4. This can be done asfollows:

Select
MODEL |

BH or DE Data. — BH / DE Editing — Material 3

A message appears informing the user that the BH curve for Material 3 will be
displayed and that Material 3 has isotropic properties. Clear the message and the
BH curve data will appear. Save the curve as default.bh by selecting

BH or DE Data — BH / DE Editing — Material 3 — Store in File
and entering the filename in the designated box. Subsequently hit Return and
select Material 4. Clear theinformation message and select the option

BH or DE Data — BH / DE Editing — Material 4 — Load from File
L oad the filename default.bh and hit Return twice to accept all selections.

Having performed all necessary refinements to the model, the mesh can be gen-
erated by selecting,

Mesh generator — Generate mesh
As before, the mesh generator operates on the model data and reports on progress
in a message box. Clear the box by hitting any key or the mouse button. If no

errors or warnings are given, the model will satisfy the analysis module require-
ments. Any errors must be corrected before starting the analysis.

OPERA-2d displays an outline of the model after completing the mesh genera-
tion, as shown in Figure 4.20.
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Figure4.20 The completed mesh generation display
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Solving the Problem

Solution M ethods

A solution method is needed for the example problem. The analysis programs
available! are asfollows:-

The static analysis module (ST)

Thishandles both magnetostatic and el ectrostatic problems. It assumesthat the
excitation current is constant with time, or alows excitation by permanent
magnet. The material properties can be non-linear (i.e. the permeability may
be a function of the field strength at each point in the material). This aso
allows adaptive refinement of the mesh to reduce the error in the solution by
improving the mesh discretisation.

The steady-state ac analysis module (AC)

This assumes that the excitation current or voltage has a sinusoidal waveform
with time. Adaptive mesh refinement is also available.

The transient analysis module (TR)

This assumes the excitation current or voltage is of any form that is described
by avariation over time. The solution is determined at discrete time steps. The
transient waveform may be selected from standard driving functions or may
be explicitly defined in tabular format.

The velocity analysis module (VL)

This assumes that specified regions are travelling at a specific velocity. Only
static excitation is allowed. Adaptive mesh refinement is also available.

The rotating machines module (RM)

This assumes that the device is rotating, and hence inducing eddy currents.
The excitation current or voltage is of any form that is described by avariation
over time. The solution is determined at discrete time steps. The transient
waveform may be selected from standard driving functions or may be explic-
itly defined in tabular format. The material properties can be non-linear (i.e.
the permeability may be a function of the field strength at each point in the
material).

The thermal analysis module (TH)

This carries out thermal analysis based on the solution of the electromagnetic
analysis. It may aso be used independently.

1. Only analysis modules that are licensed are available for use
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» Thetransient thermal analysis module (THTR)

This carries out thermal analysis as above, but for excitations that are of any
form that are described by a variation in time. It may also be used independ-
ently.

» The stress analysis module (SA)

This carries out stress analysis based on the solution of the electromagnetic
analysis. It may aso be used independently.

The problem to be modelled has a constant drive current and hence can be solved
using the static analysis module. From the main menu select
FILE |

Write file — Analysis data — Static analysis

A menu listing all static analysis options appears. Accept al defaults by hitting
Return twice.

Storing a problem

It is essential to store the modell. To save the model select

FILE |
Write file — Write model

In the file selection box enter discl and press the Accept button. This creates
two OPERA-2d files containing the model and mesh data. These are discl.0p2
and disc1.mesh respectively. The .op2 file contains all the model dataand must be

kept. The .mesh fileisless important2 and can be deleted if storage spaceislim-
ited. It is useful as it avoids the need to re-mesh the model, which can be time-
consuming for large models.

The Static Analysis module

In order to launch the Static Analysis module select

FILE |
Start analysis

1. Thiscan be done at any time during the pre processing stage, and should be used
regularly to back up your work while building the model

2. If an adaptive analysis was used - the mesh file must be kept as well as the .op2
datafile, asthis mesh data cannot be re-produced from the model data

]
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Within the start analysis menu select the appropriate filename (discl) and
Accept.

OPERA-2d then reports on the progress of the solution in a text window.

On successful completion, OPERA-2d returns to the initial screen. The solution
process has created a solution file, discl.st. This contains the solution data from
the static analysis for post processing.

It must be stressed that the analysis program will run from within the pre and post
processing environment, provided enough system resources are available. Alter-
natively, the solver programs may still be accessed viathe usual system route. For

example, in Unix, to run the ST solver type operal from the operating system
prompt, followed by ST.

1. If thisdoes not work, ask your system administrator to set up an aliasfor opera.
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Post Processing

Examining the Solution

From the main menu select
FILE |
Read File — Read model

A file box is displayed from which the required file, discl.st should be selected
and the parameter box completed as shown below,

Filename = discl.st
Case = 1
Accept ‘ ’ Dismiss

before selecting Accept

An information window is displayed showing the units setting. This may be
cleared by hitting any key.

Select Return twice to return to the top level command menu.

Now select
DISPLAY |
Refresh

and the model regions are displayed. The display of the complete model is shown
in Figure 4.21.

Line Contours of modified vector potential

The model solution potential was selected as R*A. With an axisymmetric solu-
tion, contour lines of constant r* A represent flux linest. To display the flux line
(field) distribution, select:

FIELDS |
Contour plot — Execute

1. In XY symmetry using a vector potential, equipotential lines represent lines of
magnetic flux

]
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Figure4.21 Thecomplete model in the pre and post processor

An information window displaying the model error is given. This can be cleared
by hitting any key. Vector equi-potential lines (which can be thought of as flux
lines) are displayed over the whole model. The resulting display is shown in

Figure 4.22.
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Figure 4.22 Equipotential contours of vector potential
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Zone Contours of Flux Density Magnitude

In the previous contour plot, vector potential (component name POT) was dis-
played. To change this to the magnitude of flux density (component name
BMOD) select

Fields |
Component

and complete the parameter box as shown below

Component = BMOD

| Accept | | Dismiss

It is possible to restrict the display to particular regions or material types. In this
case the flux density display is to be restricted to regions of material 1, 3 and 4
(and not O i.e. air regions) by selecting the menus shown in Figure 4.23.

MENU OFF

LUNITS
__________________ Length Lcm
Flux density =T
2 Field strength : A m™

_______________ Puotential SWWh om
Conductivity 5 m™
Source density: A m®

WY

Cptions|F Fower
Force TM
S Energy o
O11E I:u_'l_::ut. ':.- hlass kg

felect regions |[[»

B Only in material=
In 1 1 -
= Not in material= 0

Dismiss

Axi-symmetry
Wlodified R®vec pot.
hWlagnetic fields
Static salution

~| Return Scale factor=1.0
" — 44 elements
Returr
: 33 nodes
1 region

Figure 4.23 Menu selection for restricting contoursto materials 1, 3and 4
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Fields |
.....Options (under Contour plot) — Select material
Only in material = All
Not in material = 0
‘ Accept | | Dismiss

and Return. The contour style can be changed to zone contours. This is done by
Fields |

Contour plot — Style — Filled zones
and Return, followed by:

Fields |
Contour plot — No refresh (togglesto refresh)

Fields |
Contour plot — Number of lines
Number of lines = 30
Accept | | Dismiss

Contour plot — Execute

This gives zone contours of the modulus of flux density in the ferromagnetic
regions, as shown in Figure 4.24.

10.0

UNITS

Length ‘om
Flux density :T
Field strength: Am™
Potential ‘Wb m?*
Conductivity :Sm*
Source density A m”

TW

Z [cm]

Force HY
Energy )
Mass kg

PROBLEM DATA
Iulsctiguitops/ps/discl.st
Linear elements
Axi-symmetry
Modified R*vec pot.
Magnetic fields
Static solution
Scale factor = 1.0

2118 elements
1101 nodes
4 regions

Component: BMOD

[2819an/97 11:48:40 Page
0.00286203

V- OPERA-2d

Pre and Post-Processor 7.0

Figure 4.24 Zone Contours of Modulus of Flux Density

OPERA-2d User Guide

January 2002



Post Processing 4-41

Graphs of Flux Density Component with Position

To examine the variation of flux density in the z-direction, along aline between
the disc and the former, change the component to be that of flux density in the Z
direction (component name BZ) by

FIELDS |
Component

Component = BZ

Accept ‘ ‘ Dismiss

To specify the required line

Graphs — Along line

and complete the parameter box with the data set to

Start X coordinate = 0
...... Y coordinate = 6.5
End X coordinate = 10
....Y coordinate = 6.5
Curvature of line = 0
Number of points = 200
Accept ‘ ’ Dismiss

The line chosen is indicated on the model regions. Thisis followed by the graph
of BZ against R between the disc and the former as shown in Figure 4.25.

Close the menus by selecting Return twice.

To leave the pre and post processor select

FILE |
End OPERA-2d/pp

and confirm this by selecting Yes

OPERA-2d returnsto theinitial screen. On Unix, to return to the operating system
select

Quit

]
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This manual describes the electromagnetic, stress and thermal analysis programs
within the OPERA-2d environment. The analysis programs incorporate state of
the art algorithmsfor the calculation of electromagnetic fields and advanced finite
element numerical analysis procedures. A brief introduction to the use of finite
elementsis given in section “ The Finite Element Method” on page 5-2 as an aid
to application engineers who need to understand the limitations of the technique
and evaluate the validity of their results. In sections “Codes of Practice” on
page 5-7 and “Solution Errors’ on page 5-7, some further discussions on good
codes of practice, and techniques for reducing errors are presented.

Finite element discretisation forms the basis of the methods used in the analysis
programs. Thiswidely applicable technique for the solution of partia differential
eguations requires special enhancements to make it applicable to electromagnetic
field calculations. Accessto these featuresis supported by the OPERA-2d pre and
post processor which provides facilities for the creation of finite element models,
specification of complicated conductor geometry, definition of material charac-
teristics including for example, non-linearity and anisotropy and graphical dis-
plays for examination of the data. Full details are given in the OPERA-2d
Reference Manual.
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The Finite Element M ethod

OPERA-2d User Guide

The Finite Element method is used to obtain solutions to partial differential or
integral equations that cannot be solved by analytic methods. Partial differential
and integral equations describe the spatial and temporal variation of afield either
directly in terms of the field variable, for example the magnetic flux density B,
but more often using a potential function that is related to the Field by a gradient
(V) or curl (Vx) operation. The finite element method is generally applicable to
any problem with any type of non-linearity. The method is based on division of
the domain of the equation (volume of space in which the equation is satisfied)
into small volumes (the finite elements). Within each finite element asimple pol-
ynomial is used to approximate the solution.

The concepts used in finite element analysis are independent of the number of
space dimensions, however it is convenient to use a simple one space dimension
problem in order to make the algebra straightforward and explanatory diagrams
easy to view. Consider a Poisson type equation describing a potential function ¢
in one dimension:

The potential function ¢ might be an electrostatic potential, in which case p would
be a line charge density. In order to define ¢, boundary conditions are required,

these may be either assigned values of ¢ or its derivative g—i , for example:

(5.2)

Q)|Q)
x-S
1
o

In all electromagnetic field examplesit is essentia that the potential is defined at
one point in the domain at least, otherwise an infinite number of solutions could
be generated by adding an arbitrary constant to the solution.

To solve equation 5.1 using a finite element method the domain is divided into
line elements. A typical first order line element would have two nodes numbered
e.g. 1 and 2. Within this element the potentia ¢ will be approximated by alinear
polynomial:

o(x) = a+bx (5.3)
The electrostatic potential ¢ will be continuous over the domain, athough its
derivatives may be discontinuous if the permittivity € changes discontinuously.

The finite element model should be capable of representing this behaviour and it
is therefore convenient to characterize the polynomial shown in equation 5.3 by
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the values of ¢ at the nodes of the element and use the same nodal value to char-
acterize the polynomialsin other elementsthat meet at the node. A further simpli-
fication isintroduced by rewriting equation 5.3 in terms of nodal shape functions
N; defined such that:

N;(x) =1; X=X

- (5.4
N.(x) = 0; X=X, J#1

where x; isthe x coordinate of nodei etc. The shape functions have the same pol-
ynomial form asthe ¢ approximation, and equation 5.3 can be written as:

O(X) = N1(X)91 + Ny(X) 0, (5.5

The shape functions N; are usually expressed in termsof alocal coordinate system
in the element. This can be used to simplify the expressions and furthermore
avoids problems of numerical rounding errors. Using the local coordinate system
€ the shape functions can be written as:

Ny = 3(1-8)
N, = %(l+§) (56)
_1<E<1

The shape function for a particular node is only defined in the e ements that use
the node and is zero outside these elements. The approximation to ¢ is described
as having local support when nodal shape functions of this type are used.

The discrete method of approximating the potential ¢ using characteristic nodal
values and associated shape functions that determine the spatial variation of the
approximation provides the basis on which several alternative procedures could
be used to solve equation 5.1. Variational methods, least squares and weighted
residual procedures are three of the most frequently used. Weighted residuals
have wide application and they are used in the software to develop a numerical
solution. An approximate solution ¢ is determined by requesting that thisfunction
should satisfy:

JW(V - Vo -pydx =0 (5.7)

The weighted residual method can be used with either global (defined over the
whole domain) approximations to ¢ or the local approximations discussed here.
W is aweighting function from which the method gains its name. The Galerkin
weighted residual method is the best choice for the types of equation arising in
electromagnetism. In this case the basis functions approximating ¢ are also used
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for the weights. Equation 5.7 is often referred to as a strong form because of the
constraints it places on the functions that can be used in the approximation ¢ (the
first derivative would clearly have to be continuous over the domain). In general
aweak form of equation 5.7 is used to remove the derivative continuity require-
ment. This weak form is obtained by integrating equation 5.7 by parts (in more
than one dimension this involves application of Green's theorem). Integrating
equation 5.7 by parts to reduce the order of differentiation applied to ¢ gives:

b

[ b(vw- eV + Wp)dx—[w.sg_‘ﬂa (5.8)
a

where a and b are the limits of the domain of the equation. The weak form has
several advantages. the functions representing W and ¢ do not need derivative

continuity and the natural boundary condition on the surface of the domain %

has emerged. Equation 5.8 leads directly to a numerical solution method, using
the discrete finite elements and shape functions discussed above. Discretisation
of thedomain ab into line elementswith their associated nodes gives a set of inde-
pendent weighting functions (the shape functions of the nodes) from which a set
of equations can be developed by requiring that equation 5.8 is satisfied inde-
pendently for each weight function. The equation for weight function W, i.e.

shape function N;, is obtained from:

Y ja(VNi-sVqu>j +N,p)dx —[Nisa—XL =0 (5.9)
i
for all elements containing nodei. Taking all the equationsfor the different weight

functions together gives a set of linear equations, which written in matrix form
are:

KO =S (5.10)

where K is a coefficient matrix (often called a stiffness matrix because of the
background of finite elements in mechanics), ® is a vector of unknown nodal
potential values and S the known right hand side vector derived from the pre-
scribed line charge densities or assigned boundary conditions. An individual ele-
ment of the stiffness matrix consists of terms of the form:

b
Ky = [ VN, -eVNdx (5.12)
a

Notethat the local support of the shape functions means that although the integral
in equation 5.11 is taken over the whole domain, only elements containing both
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nodesi and j actually contribute. In the equations arising in electromagnetism the
matrix equation 5.10 is frequently non-linear because the value of € (or more fre-
quently u for magnetic fields) is dependent on the field intensity.

Non-Linear A Newton-Raphson method can be used to solve this type of non-linear equation.
Materials Givenaninitial solution ®, anew solution ®,,, ; isfound by solving the linearized

Jacobean system?:

-1
@, =®,-J R, (5.12)

where theresidual Ris given by

R, = K,®,-S, (5.13)

and the Jacobean J by

J
J, = 50 (K @, -S,) (5.14)

This method converges providing the initial approximation used to start the iter-
ationisnot too far from therea solution. Asit approaches the solution its conver-
gence becomes quadratic. In the context of non-linear finite element solutions to
the electromagnetic field equationsthe reliability of the Newton-Raphson method
isstrongly linked to the smoothness of the equation used to relate the permeability
or permittivity to the field.

To aid convergence, when the material property curve is not smooth or when the
initial solution is far from the final solution, a relaxation factor is used in
equation 5.12, which becomes:

_ -1
@, =®,-aJ, R

(5.15)

n

where o is chosen, starting with 1 and multiplying by 2 (if the changein |R] istoo
small) or dividing by 2 (if the norm of the residua |R,, 4| would be greater than

|R,|) to find the value which minimises the norm of the residual |R,, 4| at the start
of the next iteration.

1. Thesubscript ‘n’ indicates the iteration number

]
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Finite Element Applications

The experience of the user hasbeen avital ingredient in the successful application
of finite elements to predictive engineering design. Large finite element systems
for mechanical design have a mystique associated with them, partly from their
origins as stand alone programs with atext file user input interface and a box of
paper as the output display, and partly as a result of the jargon that is used to
describe the element types and procedures available within the programs. It is
now impossible to consider the use of finite element analysis programs without
interactive pre processors for datainput, although these bring their own problems
if they do not interface well with the analysis programs and thus increase the
amount of knowledge needed to perform a calculation.

In electromagnetic field calculations specia finite elements are not needed to
solvethe equivalent of shell and plate geometriesthat are so common in mechan-
ical design. However, electromagnetic fields must usually be computed to much
higher accuracy than is needed in other disciplines, the geometry is frequently
complicated with awide range of dimensions and the actual result needed by the
user is often derived from the field solution by integration or differentiation. In
whatever form the results are required, the basic limitation of finite element solu-
tions is that the accuracy of the solution is related to the size of the discrete ele-
ments. Recent research has resulted in the development of techniques that can be
used to determinethe error in afinite element solution but thisis strictly only cor-
rect for problemswith linear materials. The adoption of these techniquesin finite
element programs will improve the reliability of results, but they do not help to
check that the finite element model and the physical problem are equivalent.

In the pre and post processor, the local error (in flux density units) and the rms

error over the whole problem can be accessed via the system variables ERROR

and RMSERROR. The value of rms error is displayed by the program in two

ways.

* ‘RMS error over whole problem’ is the value stored in the system variable
RMSERROR. Itis calculated from the relative errors in each element.

* ‘Weighted RMS error’ uses the element sizes as weights in the calculation so
that smaller elements make a smaller contribution to the value. A different
method is used in the adaptive analysis routines.

It should be remembered that these values are an upper-bound on the real errors

and also that a poor discretisation will not only give poor answers, but also poor
estimates for the errors.
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Codes of Practice

Users of finite element programs must prove that the model is consistent with the
physical problem. With electromagnetic fieldsit is often possible to perform sim-
ple calculations that give orders of magnitude answers as an essential part of the
analysis. Until the accuracy of the model has been established it isirrelevant to
consider the discretisation errors. A code of practice should be established that is
followed whenever a new anaysisis begun:

1. Solvethe simplest possible problem first i.e. using linear materials either
with unity or large relative permeability or permittivity.

2. Check that the solution has the symmetry that is expected. For example,
examine the fields on the boundaries of the problem to seeif they are as
expected, with the proviso that on boundaries where the normal derivative
condition is weakly imposed the derivative will not be exactly as defined
(see section on boundary conditions later).

3. Check that the solution agrees with simple line integral predictions or
images if infinite permeability approximations are applicable.

4. If thefield isvarying with time, check that the skin depth agrees with limit-
ing case calculations or that the time constants agree with equivalent circuit
models.

Only when a degree of confidence has been established in the model is it worth
beginning to consider the errors produced by the discrete finite el ement approxi-
mation. In many ways these errors are more straightforward to evaluate than the
accuracy of the model.

Solution Errors

The local error at a point within a finite element model is strongly linked to the
size of the elements surrounding the point and weakly linked to the average ele-
ment size over the whole space, although this second source of error becomes
more important and less easily estimated in non-linear solutions. The relationship
between thelocal error in the solution and the surrounding elements’ sizeisgiven

by:
For linear shape functions

E(®) = O(IF) (5.16)
and for quadratic shape functions

E(®) = O(h°) (5.17)
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where E is the error, O means ‘ of the order’ and h is the linear dimension of the
elements. This simple analysisis only true for square elements, but it is reasona-
ble to assume the worst case and use the largest dimension for h. Unfortunately,
these formulae only give the order of the error, the actual error is dependent on
the solution, or more precisely the geometry of the model in the vicinity of the
point. As an example consider a point close to the corner of a magnetised steel
cube, the field will be weakly singular at the corner. Given the same size discre-
tisation over the whole space, the errors will be far larger close to the edges and
corners of the cube. Thisis because the low order polynomials used in the finite
elements are not good at approximating the singularity. Cal culating the magnetic
field from the potential solution generally resultsin larger errorsin the field than
there were in the potential.

Differentiation of the finite element shape functions to determine the field gives

an error in the field that is worse by O(h™). In the case of linear shape functions
this resultsin an error in the field O(h). In the analysis modules specid facilities
have been included in order to reduce the errors in the fields that are computed
from potential solutions. Two methods are avail able that increase the field preci-
sion; the best method depends on the problem being solved (see sections on accu-
racy in the following chapters). Nodal weighted averaging improves the field

accuracy to O(h?). The volume integration technigue does not improve the order
of the error, but it enablesthe variation of the field to be cal culated very accurately
remote from magnetic, dielectric or conducting regions.

The programs use error estimation techniques to produce local and global errors
in the fields derived from potential solutions (system variables ERROR and
RMSERROR). These displays show where the finite element discretisation
needs refinement aswell as showing the error. However, even with these features,
it is important that the user of a finite element program carries out a number of
analyses to examine the effect of element size on the solution. Using the ideas
introduced aboveit is clear that the best approach isto solve the same model with
two levelsof finite element discretisation or with the same discretisation but using
linear elements in one case and quadratic elements in the other. Taking as an
exampl e the use of two levels of discretisation, such that the element dimensions
are halved in the second case, the case with the larger number of elements will
have solution errors that are 4 times smaller (the errorsin the fields evaluated by
differentiation of the shape functionswill be halved). Examination of the changes
between the two solutions will give a good estimate of the discretisation errors,
but not, as pointed out in the previous section, any indication of the accuracy of
the model.

When increasing the overall discretisation becomes too expensive it is necessary

to carry out more trial analyses, in each case choosing particular regions of
increased discretisation to determine the sensitivity of the solution to the change

January 2002



The Finite Element Method 5-9

in element size. An experienced user will have learnt how to minimise the number
of trialsasaresult of carrying out thistype of experiment on anumber of different
geometries. Unfortunately a little knowledge may be a dangerous thing! Even
experts cannot rely completely on their past experience. Results must always be
critically examined on the assumption that they are incorrect.

The adoption of error analysis techniques in finite element programs does not
reduce the user’s responsibility for the quality of the results.

]
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Application Notes

This section describes how certain features of the programs should be used to
achieve the best possible solutions to certain classes of problems.

Boundary Conditions

Boundary conditions are used in two ways. Firstly they can provide a way of
reducing the size of the finite element representation of symmetrical problems.
Secondly they are used to approximate the magnetic field at large distances from
the problem (far-field boundaries).

General Problem symmetry and the symmetry of the fields are implied by the potential
boundary conditions applied to the finite element model. The simplest types of
boundary condition are:

SIMPLE BOUNDARY CONDITIONS

Field Symmetry Scalar Potential | Vector Potential
Hn =0 or Bn =0 a_(l) _ A=constant
on
H,=0o0rB, =0 ¢=constant A _ 4
5 =

where the n and t subscripts refer to the normal and tangential directions to the
surface being considered.

In electrostatic fields electrode surfaces will obviously have assigned potential
boundary conditions (v=value). Except for this case, the other boundary condi-
tions shown in the table above should only be applied to the exterior surfaces of
the finite element model. The default condition that will always be applied if no
boundary condition is specified on aexterior surfaceis:

|
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DEFAULT BOUNDARY CONDITION
Field Symmetry | Scalar Potential | Vector Potential

Hn=0 aq)_o

an

By =0 oA
t —
S =0

The default boundary condition is only weakly satisfied even when it is assigned
to asurface. ‘Weakly satisfied’ meansthat it is applied as an integral over the sur-
face patch for each shape function sub-domain. Examination of the field solution
at, or close to, a surface with the default boundary condition will reveal that the
norma component is not zero. The magnitude of the norma component can
reflect the local accuracy of the solution or it may be aresult of amodel error.

The fields computed by taking derivatives of the finite element shape functions
will be discontinuous, but in each element the potential boundary condition will
be exactly specified. Thefield averaging processesin the OPERA-2d pre and post
processor cannot model these discontinuities and this results in the field not
exactly matching the boundary conditions.

A potential boundary condition must be specified on at least one node of afinite
element mesh. This gauges the potential and without it the solution will not be
unique. Any constant value could be added over the whole space. In OPERA-2d
this condition is satisfied by one surface in the problem having an assigned poten-
tial.

Electromagnetic fields are frequently not contained within a finite volume. In
practice, at long distances from the device producing the field, the distribution
will be modified by the local environment, but this will not effect the field close
to the device. Except where the interaction with the far environment is of interest,
thefield from anisolated deviceisusually required. A simplefinite element mesh
obviously has afinite extent and applying either potential or derivative boundary
conditions on the open boundaries will perturb the true infinite domain solution.

There are techniquesthat can be used to accurately model the infinite domain. On
a convex outer surface a series of rings of elements with increasing size may be
recursively generated automatically (ballooning) or a boundary integral solution
for the exterior domain may be coupled to theinterior finite element solution. The

simplest to apply in OPERA-2d is the Kelvin transformation (or % mapping).
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Approximate methods include matching a convex outer surface to finite elements
that extend from the surface to infinity and which have appropriate decay func-
tions, and the standard approach of extending the finite element mesh to adistance
where the field truncation has no effect on the regions of interest.

It is recommended that the Kelvin transformation be used, or that the mesh be
extended to a reasonable distance with either potential or derivative boundary
conditions applied to the outer surface, so that the truncation has an insignificant
effect on the region of interest. The effect of truncation can be estimated by
observing the non-zero component of the field on the open boundary. Half the
field observed on such aboundary is being reflected back from the exterior. Com-
bining this with knowledge of the probable decay in the exterior space will give
an order of magnitude for the effect of the truncation on the regions of interest. In
particularly sensitive applications the Kelvin transformation should be used or a
further test should be applied to check the effect of truncation. Two problems
should be solved, one using potential boundary conditions on the open boundary,
the other using derivative conditions. These problems represent the model in an
infinite array of similar problemswith either the opposite or the same sign of field
in alternate images. In general the two solutions will bound the correct answer. It
is often found that the condition which gives zero normal field is closer to thereal
solution. It would infact be exact if the open boundary surface was aconstant flux
surface. Use of thissimple approach gives an estimate for the effect of thefar field
boundary truncation and thisiswhy it is recommended.

The potential and derivative boundary conditions discussed in the previous sec-
tions are the most common in nearly al applications. There is one other class of
boundary condition that frequently occursin electrical machine design. When the
problem has rotational symmetry about an axis or displacement symmetry, with-
out any reflection symmetry in the same symmetry group, it is not possible to
identify surfaces where the field is normal or tangential. The complete model
could be defined but thiswould be unnecessarily expensive. In problemswith this
type of symmetry, pairs of matching surfaces can be identified where the poten-
tials have the same sign and magnitude (positive) or the reverse sign but equal
magnitude (negative).
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The formulations used in the analysis programs are based on the low frequency
limit of Maxwell’s Equations. They are listed here and are referred to by the fol-

lowing sections.

M agnetostatics and Eddy Currents

The magnetic field strength (H) and the current density (J) are linked by

VxH =

(5.18)

and the electric field strength (E) and the magnetic flux density (B) by

_ 9B
VXE = %
B has zero divergence:
V-B=0

B can be expressed in terms of H and the permeability (W),

B = u(H-H,)

(5.19)

(5.20)

(5.21)

where H. is the coercive force of any permanent magnetic material. J can be

expressed in terms of E and the conductivity (o)
J = cE

(5.22)

It is convenient to define a magnetic vector potential, A, by

B =VxA

and a magnetic scalar potential, ¢ by
H=-Vo

Electrostatics

(5.23)

(5.24)

The displacement current (D) isrelated to the charge density (p) by

V-D=p

Version 8.5

(5.25)
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and to the electric field strength and permittivity (€) by
D = ¢E (5.26)
The electric scalar potentia (V) is defined by
= -VV (5.27)

|
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Satic Field Analysis (ST)

The Static Field Analysis Program (OPERA-2d/ST) solves for time invariant
magnetic or electric fields. The model can include non-linear material permeabil-
ity or permittivity and either infinite XY or axisymmetric coordinate systems.
Other types of field that are described by a non-linear Poisson equation can also
be solved, these include current flow, Newtonian flow and static temperature
fields.

The Equations Solved

OPERA-2d/ST solves for the vector or scalar potential defined by a non-linear
Poisson equation. The vector potential form is usualy used for magnetic field
analysis because the scalar potential solution cannot include current as the source
of thefields, however if amodel isonly excited by boundary conditions or by per-
manent magnets then either form can be used. The equation to be solved for the
static magnetic field case using a magnetic vector potential is derived by substi-

tuting &VxA for H in equation (5.18), this gives

1
Vx(ﬁVxA—HC) =3 (5.28)

The dternative scalar potential form is derived by substituting uVeé in
equation (5.20) to give

V-u(Vo-Hy =p (5.29)

The value of p must be zero for a magnetic scalar potential, however if ¢ is an
electric scalar potential then p is the charge density. The term involving H . rep-

resents permanent magnets for magnetic field analysis and electrets for electric
field analysis.

]
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OPERA-2d offers a number of choices of solution potential that can be selected
by using the SET command. The recommended choice for a number of applica-

tionsis
Recommended Satic Field Solution Choices
Field Type Symmetry SET Solution type

MAGNETIC XY SOLUTION=AT (Vector Potential)

MAGNETIC AXI SOLUTION=AXI (Modified rA)
(best choice)

MAGNETIC AXI SOLUTION=AT (Vector Potential)
(second best)

ELECTRIC XY SOLUTION=V (Scalar Potentia)

ELECTRIC AXI SOLUTION=V (Scalar Potentia)

Data inter pretation

The OPERA-2d/ST solution program expects material code number O to be free
space with zero density, material number 1 to have density not equal to zero and
relative permeability (permittivity) of one. Material code numbers greater than 2
must have BH (DE) characteristics defined, even for linear solutions where the
region value of PERM is used and the density parameter may be non zero. BH
characteristics are required because the value of H for the first point of the table

(which must have B equal zero) defines the H . for the material.

The region parameter PHASE defines the easy direction of magnetisation for a
permanent magnet material. The remanent magnetisation is the negative X direc-
tion of alocal coordinate system that is rotated anticlockwise by an angle PHASE
in degrees from the X axis.

Preparing an OPERA-2d/ST run

The datarequired to analyse the model isinput using the SOLVE command (see
Reference Manual for details). The user can set the following information:

e Linear or Non-linear solution

The linear solution options simply solves with the value of permeability (per-
mittivity) given by the region parameter PERM. A BH curveis still required
to give a value for the coercive force. The Non-linear option solves for the
non-linear materials as defined by the BH (DE) characteristics defined for
material numbers greater than 2. If Non-Linear is chosen the following param-
eters are set:

|
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— Number of iterations can be set if a non-linear solution is requested. The
value entered sets a limit on the maximum number of non-linear itera-
tions.

— Iteration type (Newton or simple - the simpleiteration method isonly pro-
vided as afall-back if Newton iterations fail).

— Tolerance is the convergence tolerance to be applied to the relative
change in the solution.

* ‘Mesh refinement’ or ‘ No mesh refinement’

This defines whether the mesh is allowed to automatically refine during the
analysis. If mesh refinement is selected, the following can be set:

— Maximum number of iterations
— Maximum number of el ements
— Final convergence accuracy %

e Scalefactor

The scale factor multiplies charge or current densities and non-zero boundary
condition values. A list of scaling factors can be supplied.

* ‘New solution’ or Restart
Thisisonly availableif the .op2 file already contains a solution.

]
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Seady-state AC Analysis (AC)

The Steady-state ac Analysis Program (OPERA-2d/AC) solves eddy current
problems where the driving currents or voltages are varying sinusoidally in time.
It can analyse skin effect, quasi-non-linear materials, in both XY and axisymmet-
ric coordinate systems.

The Equations Solved

OPERA-2d/AC solves the vector Helmholtz equation with the magnetic vector
potential (SET SOLUTION=AT) asthe unknown variable. In axisymmetry better
answers can be obtained using the modified rA potential (SET SOLU-
TION=AXI).

The equation to be solved isformed from equations (5.18) and (5.21) (without the
coerciveforce, H..), (5.22) and (5.23), and the integration of (5.19):

1
VX(EVXA) = Jg+3,-o2 (5.30)

inwhich the current density has been split into the prescribed sources, J,, the cur-

rentsin windings of external circuits, J,,, and the induced currents, caa—'? . Intwo

dimensions, only the zcomponentsof A, J¢ and J, exist.

Equation (5.30) can be simplified to:
oA,

V. iVAZ = Jg+J,—05 (5.31)

Since the potential and the currents are varying sinusoidally, they can be

joot ¢ t

expressed as the real parts of complex functions A e and Jcejm.

Equation (5.31) now becomes

V. iVAC = 3 +J,-i0oA, (5.32)

which is solved using complex arithmetic.
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Eddy Current Conductors

In some problemsit is necessary to allow eddy currentsto flow in driving conduc-
tors, thus reducing the total current transported by the conductor. In other cases
thetotal current in the conductor is prescribed and therefore the total eddy current
in the conductor must be zero. This second case is achieved by solving an extra
equation for each group of regions which make up such a conductor. This equa-

tion limits the total current, I, flowing in terms of g—f‘ and a potential gradient, V

V, which comes from the integration of equation (5.19) and is usually zero.

-| 0(%?+ Vv)ag = | (5.33)
&

The effect of the potential gradient is a spatially uniform current density over the
conductor in Xy symmetry and varying as % in axisymmetry. In xy symmetry, J°
isgiven by

J = oVV (5.34)

It becomes an extra unknown in the modified equation (5.31). The following two
equations are solved together

V. iVAC = J,—iwoA, (5.35)
[ —iwoA+ 300 = [I00 (5.36)
QJ QJ

Equation (5.36) is repeated for every group of regions with adifferent value of N
and SYMMETRY=#0. J. isgiven by DENSITY and PHASE.

External circuits

Steady-state ac solutions can be excited either by current sources or by voltage
sources connected viaexternal circuitsto the model. The current density that can
be defined for each region is supplied by a current source, independent of the
properties of the coilsthe current isgiven asafunction of time. Thevoltagedriven
option allows a set of coils to be defined as a circuit which is connected to an
external voltage source in series with an external resistance, capacitance and
inductance. A cail isthe set of regions that have the same conductor number N.

]
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A full description of the external circuit option is provided in the Reference Man-
ual. Hints on the use of external circuits are also given in a separate Application
Note.

Permeability

The solution method in OPERA -2d/AC uses permeabilitiesin the following man-
ner:

(a) In alinear solution, the permeabilities are constant over each region, and
defined in the region data

(b) Inanew quasi non-linear solution, element values are calculated from the
maximum field in the ac cycle. This option is an approximation that can be
useful in some applications, but it must be used with care

(c) Finaly, in arestart solution, el ement values of permeability obtained from
aprevious solution (for example calculated from non-linear statics or transient
analysis) areused. A ‘restart’ option is offered which can be used to restart an
approximate (maximum field) non-linear steady-state solution or to continue
from a previous static or transient solution.

If the restart option is selected and linear materials are requested then the perme-
ability can be calculated in two ways: the absolute (DC) values of permeability or

the incremental (AC) values of permeability (g—E’| ) a thefield leve of the restart

solution can be calculated from the BH curve. This second option allows solution
of problemswhere the ac field isa small perturbation on a background field. The
perturbation and background fields can be combined in the post processor with
the APPEND command.

Inall instances, the OPERA-2d/AC solver a so offers the option of permeabilities
being complex. This simulates hysteresis by introducing a phase lag between H
and B. Thislag is specified with the BH curve.

Boundary Conditions

OPERA-2d/AC supports three types of boundary condition: fixed potential
(Fn=v, Vn=value), fixed derivative (Fn=DV, DVn=0) and periodic bound-
aries (Fn=SYMMETRY). All other boundaries should be set to Fn=NoO, which is
equivalent to Fn=DV, DVn=0.
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Preparing OPERA-2d/AC problems

The data required to analyse the model isinput using the SOLVE command (see
Reference Manual for details). The user can set the following information:

e Linear or Non-linear solution

The linear solution options simply solves with the value of permeability (per-
mittivity) given by the region parameter PERM. The Non-linear option solves
for the non-linear materials as defined by the BH (DE) characteristics defined
for material numbers greater than 2. If Non-Linear is chosen the following
parameters are set:

— Number of iterations can be set if a non-linear solution is requested. The
value entered sets a limit on the maximum number of non-linear itera-
tions.

— Tolerance is the convergence tolerance to be applied to the relative
change in the solution.

e ‘Mesh refinement’ or ‘ No mesh refinement’

This defines whether the mesh is alowed to automatically refine during the
analysis. If mesh refinement is selected, the following can be set:

— Maximum number of iterations
— Maximum number of elements
— Final convergence accuracy %
* Frequency
A list of frequency values may be supplied.
o Complex permeability on or off
Complex permeability is used to define alossy material.
* ‘New solution’ or Restart

Thisisonly availableif the.op2 file already containsasolution. The AC solu-
tion program allows a solution to be continued from the result contained in an
existing results file created by one of the non-linear analysis programs (ST or
TR) in order to pick up the element permesabilities. Alternatively, arun may be
restarted from an incompletely converged AC non-linear run.

For restart runs only, the ‘Static’ and ‘incremental’ permeabilities from the
previous non-linear analysis may be used. ‘ Static’ and ‘incremental’ permea-
bilities are described on page 5-20.

]
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Transient Analysis (TR)

The Transient Analysis Program (OPERA-2d/TR) solves eddy current problems
where the driving currents or voltages are changing in time in a predetermined
way. It can analyse the response to multiple drive functions including a dc back-
ground fidld, skin effect, non-linear materials, XY and axisymmetric coordinate
systems.

The Equations Solved

OPERA-2d/TR solves the vector diffusion equation with the magnetic vector
potential (SET SOLUTION=AT) as the unknown variable. It is formed from
equations (5.18), (5.21), (5.22) and (5.23), and the integration of (5.19):

1 oA
Vx(ﬁVxA—Hc) = J-o% (537)

in which the current density has been split into the prescribed sources, J and the

induced currents, oaa—'? . In two dimensions, only the z components of A and Jg

exist. Equation (5.37) can be smplified to:
oA,

o= (5.38)

1 -
—V VA= (VxH), = -

Driving Functions

The*driving’ field is provided by source currents, Jg, voltages, non-zero potential
boundary conditions, and permanent magnet coercive forces, H .. The permanent

magnets obviously create adc field. The other driving terms can have aprescribed
shape in time. Each value of conductor number (region parameter N) can be
related to a different driving function, with, if necessary, every region having a
different function.
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The driving function options are;

Transient Driving Functions

Name Function
COSINE t<O:F=1
t=0: F = cos (2nft—d).
The program prompts for f and ¢.

DC Uniform in time from t=—co t0 t=+oc0
PEAK t<0:F=0
_t2
t>0:F = atexp(F) .
The program prompts for t.. a and b are chosen such
that F=1 at t=t,.
RAMP t<0:F=0
tZO,tStC:F = t
t
C
>t F=1.

The program prompts for t..

EXPONENTIAL |t<0:F=0

t>0:F = 1—exp(:t).
tC

The program promptsfor t..

SINE t<0: F=0

t=0: F = sin (2nft—0).

The program prompts for f and ¢.

STEP t<0: F=0
>0 F=1
TTOFF t<0: F = F(0)

t>0: F = cubic splines

The program promptsfor the name of atime-tablefile.
F(0) isthevalue of thefunctioninthetablefileat time
t=0.

TTON t<O: F=0

t>0: F = cubic spline

The program promptsfor the name of atime-tablefile.

The transient time table option alows the user to define driving functions other
than those programmed into the analysis code. The tables consist of files contain-
ing up to 1000 pairs of numbersin free format, one pair per line. The first number
on each line specifies the time; the second gives the function value. The values of

|
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time should start at zero and increase through the file. Discontinuitiesin function
valueor first derivative can beforced by specifying two entriesfor the same value
of time. For switch-on cases, the function value at zero time need not be zero, but
it isassumed that the function has value zero for all time before zero. Beyond the
last value of time in the table the function continues with the same cubic function
calculated for the last section of the table.

Thedriving functions may be viewed using the Graphs Option, available from the
FILE Top Level Menu.

Eddy Current Conductors

In some problemsit is necessary to allow eddy currentsto flow in driving conduc-
tors, redistributing the current density, or to limit the total eddy current in a con-
ductor to zero. This is achieved by solving an extra equation for each group of
regions which make up such a conductor. This equation limitsthe total current, I,

flowing in terms of %3‘ and a potential gradient, VV, which comes from the inte-

gration of equation (5.19) on page 5-13 and is usually zero.

- o(%_ﬂ Vv)asz oy (5.39)
Ql

The effect of the potential gradient is a spatialy uniform current density over the
conductor, J* given by

J = 6VV (5.40)

and becomes an extra unknown in the modified equation (5.38). The following
two equations are solved together

l * aAZ
—V-VA-VxH = 0 —og (5.41)
| (_Gaa_/? ¥ J*)agz = [190 (5.42)
QJ QJ

Equation (5.42) isrepeated for every group of regions with a different value of N
and SYMMETRY=0. Jgis given by DENSITY.
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External circuits

Transient solutions can be excited either by current sources or by voltage sources
connected via externa circuits to the model. The current density that can be
defined for each region is supplied by a current source, independent of the prop-
erties of the coils the current is given as a function of time. The voltage driven
option alows a set of coils to be defined as a circuit which is connected to an
external voltage source in series with an external resistance, capacitance and
inductance. A cail isthe set of regions that have the same conductor number N.

The Reference Manual provides a full description of External Circuits options.
Hints on the usage of external circuits are given in a separate Application Note.

Time Stepping
Thefinite e ement method used in OPERA-2d/TR issimilar to that described pre-

viously. However the termsin A and dA in equations (5.38) both yield matrices,

ot
referred to as R and S. The Galerkin procedure |eads to a matrix equation
RA+SB§‘+B =0 (5.43)

where A isnow avector of unknown potentialsand B isavector of driving terms.
The solution of equation (5.43) is also based on the Galerkin procedure. A and B
are discretized in time using afirst order function of time:

At = (1-1)a,+1a,,1 (5.44)
B(t) = (1-1)b,+1b,, 1 (5.45)
where
7 (5.46)
"E = .
tn+ 1_tn

and a,, and b, are values of A and B at timet,,. Using t astheweight in a Galerkin

weighted residual solution of equation (5.43) leads to a recurrence relationship
between a,,,; and a;:

(R(l—e)—i)an+(Re+A§t)an+l+bn(l—e)+bn+1e =0 (547

]
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-2
where 6 = 3

Adaptive Time All drive function start by using a minimum time step. After the first step, the

Stepping time-step isautomatically adjusted to achieve time-stepping rel ative errors of less
than a user supplied tolerance. The time step isincreased when the error is much
less than the tolerance, or reduced if the error comes close to the tolerance. The
time-step can never fall below the minimum time-step. For non-linear problems,
a schemeislinked with the solution of equation (5.47).

Fixed Time Step  Alternatively, the user can opt for the fixed time-stepping option, in which case
the time-step will remain constant (as defined by the user).

Boundary Conditions

OPERA-2d/TR supports the following types of boundary condition: fixed poten-
tial (Fn=v, Vn=value) and periodic boundaries (Fn=SYMMETRY). All other
boundaries should be setto Fn=DV, DVn=0 (or to Fn=NO, whichisequivalent).

Permanent M agnets

Permanent magnets can be specified by a non-zero value of H for zero B as the
first point of a BH curve. The easy direction is given by the region parameter
PHASE (see the BHDATA command).

Restarts

OPERA-2d/TR can berestarted from aresultsfile. Thisallowstransient solutions
to be continued for larger values of time, or aternatively the Statics (ST) or
Steady State AC (AC) analysis programs can provide a solution for restart, ena-
bling ‘ switch-off’ casesto be studied. Statics and AC solutions|ook like transient
solutions at t=0.

Preparing an OPERA-2d/TR run

The data required to analyse the model isinput using the SOLVE command (see
Reference Manual for details). The user can set the following information:

e Linear or Non-linear solution

|
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The linear solution options simply solves with the value of permeability (per-
mittivity) given by the region parameter PERM. A BH curveis still required
to give a value for the coercive force. The Non-linear option solves for the
non-linear materials as defined by the BH (DE) characteristics defined for
material numbers greater than 2. If Non-Linear is chosen the following param-
eters are set:

— Number of iterations can be set if a non-linear solution is requested. The
value entered sets a limit on the maximum number of non-linear itera-
tions.

— Tolerance is the convergence tolerance to be applied to the relative
change in the solution.

» Time Step - Adaptive or Fixed

The user has achoice to fix the time step at which each solution is calculated,
or set an adaptive time step. In Adaptive Time-stepping integration, a time-
step variation is to achieve a user supplied relative tolerance between succes-
sivetime-steps. In general, values should be between 0.03 and 0.0001, but val-
ues outside this range can be given.

e Output Times
A list of times at which the solution is stored must be supplied.

» Drive function for conductors and circuits
A drive function for each defined external circuit must be given.
Any labelled conductor (not in acircuit) can also be given adrive.
Permanent magnets are DC drive.

A default drive can be specified for use by any source that has not been explic-
itly set.

Non-zero potential boundaries are driven by the region drive (if present), else
by the default drive.

If necessary, the program also prompts for afrequency, phase angle, time con-
stant, time-table file name, etc.

* ‘New solution’ or Restart

Thisisonly availableif the .op2 file already contains a solution. The TR solu-
tion program allows a solution to be continued from the result contained in an
existing results file created by one of the analysis programs ST, AC or TR.

]
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Velocity Analysis (VL)

The velocity Analysis Program (OPERA-2d/VL) solves for time invariant mag-
netic fields including eddy currents induced by motion of conducting mediawith
respect to the field. The model can include non-linear material permeability and
either infinite XY or axisymmetric coordinate systems. Linear motion is only
alowed inthe Y or Z direction. Rotational motion can only take place about the
global coordinate system origin. The solution is time invariant, a moving frame
of reference is used in the conducting media.

The Equations Solved

OPERA-2d/VL solves for the vector potentia defined by a non-linear Poisson
equation with amotion induced current term. The equation to be solved is derived

by substituting iVxA for H in equation (5.18) and including the current induced
by uniform motion with respect to the field, this gives

Vx(leA—HC)=J+Gu><V><A (5.48)
u

where u isthe velocity of the mediawith respect to the field. The motion induced
current term is similar to the advection term in fluid mechanics and a boundary
layer effect occurs as the velocity increases.

The formulation of OPERA-2d/VL assumes that, at every instant in time, the
geometry of the model isidentical. This means that the cross-section of the mov-
ing conductor orthogonal to the direction of motion does not change. In other
words, for linear motion the moving conductor is “infinite” and for rotational
motion the RZ cross-section is invariant. Examples of these might be a pipeline
inspection vehicle and an eddy current disk brake respectively.

The solution type must be AT.

Accuracy Guidelines and Upwinding

Meshes where the ‘long’ sides of elements with large aspect ratio are orthogonal
to thevelocity should be avoided. Also, the use of quadratic elementsisnot advis-
able. The solution (without upwinding) will present oscillationsif the cell Peclet
number p is much greater than one. The Peclet number is calculated using

|
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p = ucuh (5.49)
where his the size of the element paralel to the velocity, u. The oscillations may
still occur after mesh refinement. In this case ‘upwinding' techniques can be
employed to eliminate non-physical ‘wiggles from the solution, although with a
possible degradation in accuracy. Such techniques can only be combined with lin-
ear elements. Both Hughes method and streamline upwinding are provided, the
latter usually being more accurate, but slightly less effectivein pathological cases.

OPERA-2d data inter pretation

The region parameter CONDUCTIVITY is the conductivity of the media. The
region parameter VELOCITY is the Z (axisymmetric) or Y (XY symmetry)
velocity or angular velocity (about the global origin) of the mediawith respect to
the field. All the other parameters are treated as in the static field solver. The
velocity takesits unit information from the definition of the LENGTH unit.

Length Unit Velocity Units
AXxi-symmetry XY-symmetry
Linear Velocity | Linear Velocity | Rotational Velocity
MM mm st mm st 0.1radians™t
CM cmst cmst radian s
METRE ms! ms! 100 radian st

Preparing an OPERA-2d/VL run

The data required to analyse the model isinput using the SOLVE command (see
Reference Manual for details). The user can set the following information:

e Linear or Non-linear solution

The linear solution options simply solves with the value of permeability (per-
mittivity) given by the region parameter PERM. A BH curveis still required
to give a vaue for the coercive force. The Non-linear option solves for the
non-linear materials as defined by the BH (DE) characteristics defined for
material numbers greater than 2. If Non-Linear is chosen the following param-
eters are set:

— Number of iterations can be set if a non-linear solution is requested. The
value entered sets a limit on the maximum number of non-linear itera-
tions.

— Tolerance is the convergence tolerance to be applied to the relative
change in the solution.
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‘Mesh refinement’ or ‘ No mesh refinement’

This defines whether the mesh is allowed to automatically refine during the
analysis. If mesh refinement is selected, the following can be set:

— Maximum number of iterations
— Maximum number of elements
— Final convergence accuracy %

Scale factor

The scale factor multiplies charge or current DENSITIES and non-zero
boundary condition values. A list of scaling factors can be supplied.

Upwinding: None, Hughes or Streamline? (N, H or S)

This prompt allows the user to choose between the upwinding options.The
option NONE should be chosen first. If necessary, the results file will contain
arecommendation that upwinding should be used, in which case the analysis
should be repeated and the results compared carefully.

Linear or rotational motion
This parameter allows the user to choose the motion type.
‘New solution’ or Restart
Thisisonly availableif the .op2 file already contains a solution.
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Rotating M achines (RM)

Version 8.5

The Rotating Machine Program (OPERA-2d/RM) is a Transient Eddy Current
Solver, extended to include the effects of rigid body (rotating) motion. The solver
also provides for the use of external circuits and coupling to mechanical equa-
tions.

OPERA-2d/RM models make use of a‘Gap Region’ which must be defined by
the user to separate the stationary from the rotating part of the model. The Gap
Regionisasingleregion, having circular inner and outer radii. Its construction is
very simple and is automatically assigned material number O (i.e. air with its
respective properties). The user defines a value of radius that lies between the
inner and outer radii of the Gap Region. The program will create the Gap Region
by extending radially inward and outward from the user defined radius until it
finds the regions that define the rotor and stator. The faces of the regions that
define theinner radius of the stator should be circular, as should those of the outer
radius of therotor. Better resultswill be obtained from the RM program by includ-
ing alayer of air elementsin the air gap at both the rotor and stator surfaces. The
Gap Region then fits between these two layers and ensuresthat at |east 3 el ements
are used radially across the air gap.

The figures below show the air gap of a simplified 4-pole synchronous machine,
showing the separate rotor and stator regions with additional air layers and then
the inclusion of the gap region which was specified at aradius of 37.5 cm.

It is possible to exploit the symmetry of the machine. The user specifies a sym-
metry code when defining the gap region. The symmetry code defines the number
of replications of the geometry in 360 degrees, the sign of the symmetry code
defines whether the replications exhibit positive or negative periodicity. For
example, in the 4-pole machine model shown, a symmetry code of -4 would be
used, since the geometry represents 90 degrees of the complete machine and the
poles are aternate North-South. The program automatically applies the correct
periodicity boundary conditions for any position to which the rotor has moved.

The Gap Region may also be used advantageously with any other OPERA-2d
solver for arotating electrical machine (or similar) model, since the rotor (or sta-
tor) can easily be displaced and the periodicity boundary conditionswill be auto-
matically defined.

OPERA-2d/RM models may be constructed with either linear or quadratic ele-

ments. However, it should be noted that quadratic elements in the Gap Region
only vary linearly in the radial direction. It is advisable to maintain a balanced
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UNITS
Length ‘om
Fluxdensity T
Field strength : Am™
Potential ‘Wb m™*
Conductivity :Sm*
Source density: A cm”®
Power ‘W
Force N
Energy 23
Mass kg

PROBLEM DATA
rmsynch.op2

Linear elements

XY symmetry

Vector potential
Magnetic fields

No mesh
18 regions
8 symm pairs
12.0 16.0 20.0 24.0
X [cm]
V- OPERA-2d
P PostProotscr 7501

Figure5.1 Air gap of asimplified 4-pole synchronous machine

UNITS
Length em
Flux density :T

Field strength : Am*
Potential $Wb m™*
Conductivity :Sm*
Source density: A cm”
Power ‘W
Force N
Energy :J
Mass ‘kg

PROBLEM DATA
rmsynch.op2
Linear elements
XY symmetry
Vector potential
Magnetic fields
2960 elements
1893 nodes
18 regions (+Gap)

120 16.0 20.0 24.0
X [cm]

VF OPERA-2d

Pre and Post-Processor 7501

Figure5.2 Inclusion of the Gap Region

mesh (i.e. mesh of similar number of elements) on either side of the Gap Region
(although they do not have to match exactly).

The Equations Solved

OPERA-2d/RM solves the vector diffusion equation with the magnetic vector
potential (SET SOLUTION=AT) as the unknown variable. It is formed from
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eguations (5.18), (5.21), (5.22) and (5.23), and theintegration of (5.19) on page 5-
13

1 oA
Vx(ﬁVxA—Hc) = J-o% (5.50)

in which the current density has been split into the prescribed sources, J and the

induced currents, caa—'? . In two dimensions, only the z components of A and Jg

exist. Equation (5.50) can be smplified to:
oA,

Gﬁ (5.51)

1 -
—V VA= (VxH), = -

Driving Functions

The*driving’ field isprovided by source currents, Jg, non-zero potential boundary
conditions and permanent magnet coercive forces, H .. The permanent magnets

obviously create adc field. The other driving terms can have a prescribed shape
in time. Each value of conductor number (region parameter N) can berelated to a
different driving function, with, if necessary, every region having adifferent func-
tion.

The driving function options are;

Transient Driving Functions

Name Function
COSINE t<O:F=1
t=0: F = cos (2rft—d).
The program prompts for f and ¢.

DC Uniform in time from t=—co t0 t=+oc0
PEAK t<O: F=0
_t2
t>0:F = atexp(F) .
The program prompts for t.. a and b are chosen such
that F=1 at t=t,.

]
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Transient Driving Functions (continued)

RAMP t<0: F=0
t>0,t<tF = 1
t
C

bt F=1

The program prompts for t..

EXPONENTIAL |[t<O:F=0

t>0:F = 1—exp(:t).
tC

The program prompts for t..

SINE t<O: F=0

t>0: F = sin (2nft—0).

The program prompts for f and ¢.

STEP t<O:F=0
=0 F=1
TTOFF t<0: F = F(0)

t20: F = cubic splines

The program prompts for the name of atime-tablefile.
F(0) isthevalue of thefunctionin thetablefileat time
t=0.

TTON t<0: F=0

t20: F = cubic spline

The program promptsfor the name of atime-tablefile.

The transient time table option allows the user to define driving functions other
than those programmed into the analysis code. The tables consist of files contain-
ing up to 1000 pairs of numbersin free format, one pair per line. The first number
on each line specifies the time; the second gives the function value. The values of
time should start at zero and increase through the file. Discontinuitiesin function
valueor first derivative can beforced by specifying two entriesfor the same value
of time. For switch-on cases, the function value at zero time need not be zero, but
it isassumed that the function has value zero for all time before zero. Beyond the
last value of time in the table the function continues with the same cubic function
calculated for the last section of the table.

Thedriving functions may be viewed using the Graphs Option, available from the
FILE Top Level Menu.
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Eddy Current Conductors

In some problemsit is necessary to allow eddy currentsto flow in driving conduc-
tors, redistributing the current density, or to limit the total eddy current in a con-
ductor to zero. This is achieved by solving an extra equation for each group of
regions which make up such a conductor. This equation limits the total current, I,

flowing in terms of g—f‘ and a potential gradient, VV, which comes from the inte-

gration of equation (5.19) on page 5-13 and is usually zero.

- c(g_f ¥ Vv)ag - | (5.52)
Q|

The effect of the potential gradient is a spatialy uniform current density over the
conductor, J* given by

J = oVV (5.53)

and becomes an extra unknown in the modified equation (5.38). The following
two equations are solved together

1 * aAZ
—V-L—LVAZ—VXHC =J —GE (5.54)
| (—c%—? + J*)ag = [0 (5.55)
QJ QJ

Equation (5.55) is repeated for every group of regions with adifferent value of N
and SYMMETRY=#0. Jgis given by DENSITY.

External circuits

Transient solutions can be excited either by current sources or by voltage sources
connected via externa circuits to the model. The current density that can be
defined for each region is supplied by a current source, independent of the prop-
erties of the coils the current is given as a function of time. The voltage driven
option allows a set of coils to be defined as a circuit which is connected to an
external voltage source in series with an external resistance, capacitance and
inductance. A cail isthe set of regions that have the same conductor number N.

The Reference Manual provides a full description of External Circuits options.
Hints on the usage of external circuits are given in a separate Application Note.
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Time Stepping
The finite element method used in OPERA-2d/RM is similar to that described

previously. However the termsin A and A in equations (5.38) both yield matri-

ot
ces, referred to as R and S. The Galerkin procedure leads to a matrix equation
RA + Saa% +B =0 (5.56)

where A isnow avector of unknown potentialsand B is avector of driving terms.
The solution of equation (5.56) is also based on the Galerkin procedure. A and B
are discretized in time using afirst order function of time;

A = (1-1)a,+1a,,1 (5.57)
B(t) = (1-1)b,+1b,, 1 (5.58)
where
t—t
7= et (5.59)
tn+ 1_tn

and a,, and b,, arevalues of A and B at timet,,. Using T asthe weight in aGalerkin

weighted residual solution of equation (5.56) leads to a recurrence relationship
between a,,,; and a;:

(R(l—e)—i)an+(Re+i)an+l+bn(l—e)+bn+19 =0 (560

where 9 = 1.

Adaptive Time All drive function start by using a minimum time step. After the first step, the

Stepping time-step isautomatically adjusted to achieve time-stepping relative errors of less
than a user supplied tolerance. The time step is increased when the error is much
less than the tolerance, or reduced if the error comes close to the tolerance. The
time-step can never fall below the minimum time-step. For non-linear problems,
aschemeis linked with the solution of equation (5.60).

Fixed Time Step  Alternatively, the user can opt for the fixed time-stepping option, in which case
the time-step will remain constant (as defined by the user).

|
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Boundary Conditions

OPERA-2d/RM supports the fixed potential (Fn=vV, Vn=value) boundary
conditions but does not cater for periodic boundaries. All other boundaries should
be set to Fn=DV, DVn=0 (or to Fn=NO, which is equivaent).

Permanent M agnets

Permanent magnets can be specified by a non-zero value of H for zero B as the
first point of a BH curve. The easy direction is given by the region parameter
PHASE (see the BHDATA command).

Restarts

OPERA-2d/RM can be restarted from a results file. This allows rotating motion
solutions to be continued for larger values of time, or alternatively the Statics
(ST), Steady State AC (AC) or Transient (TR) analysis programs can provide a
solution for restart, enabling ‘ switch-off’ casesto be studied. Staticsand AC solu-
tionslook like transient solutions at t=0.

Rotor speed

Fixed speed The simplest assumption in OPERA-2d/RM isthat the rotor speed is constant dur-
ing the duration of the transient analysis. The user specifies the rotation speed in
RPM.

Variable speed The user may specify the speed of the rotor as afunction of time during the dura-
tion of the transient analysis. For example, the rotational speed (in RPM) of a4-
pole 60 Hz machine rising towards synchronous speed could be given by

t
Speed = 1800 (1—e 0'01) (5.61)

with an exponential risetime constant of 10msec. The user specifiesthe rotational
speed in radians/second using an expression for a CONSTANT called #SPEED
ina.comi file. To implement equation (5.61), the file contains

$CONS #SPEED 1800/60*2*pi* (1-EXP (-TTIME/0.01))
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where TTIME is the system variable defining the current time in the transient.
Clearly, the commands in the file could be considerably more complex with dif-
ferent expressions defining the behaviour at different times by using conditional

$IF clauses.
Mechanical Rather than using a user-specified fixed or varying speed, OPERA-2d/RM can
coupling compute the speed based on the rigid body dynamics equation
d2
T=1J —S (5.62)
dt

where T isthetorque, J isthe polar moment of inertiaand 6 the angle. Thetorque
isthe sum of the electromagnetic torque, computed by the program, and the fric-
tion, load and linearly speed-dependent torques, defined by the user.

A second option also exists where the angular acceleration may be defined by the
user. Thisallows conditional behaviour, for instance, where additional load torque
may be added to the machine subject to its operating speed or where the load has
a time dependent behaviour. Similarly, to the variable speed option, the user
definesaCONSTANT called #ACCEL ina.comi file. Thefollowing system var-
iables that define the mechanical properties are available.

TTIME Time during transient (seconds)
RMANGLE Rotational position of rotor (radians)
RMSPEED Rotational speed (radians/second)

RMTORQUE Computed electromagnetic torque per unit length
RMLENGTH Length of the machine

RMINERTIA Moment of inertia

RMFTORQUE Frictional torque

RMVTORQUE Speed dependent torque

RMATORQUE Applied (load) torque

For example, in the 4-pole machine discussed previously, the user may require
that the machine never accelerates above synchronous speed (by applying an
additional load torque that exactly cancel s the excess €l ectromagnetic torque) i.e.
at synchronous speed and higher, the net torque on the rotor is zero. The .comi file
may contain instructions such as:

|
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$IF RMSPEED*60/2/PI GE 1800

$CONSTANT #TORQUE 0.0

$ELSE

$CONSTANT #TORQUE RMTORQUE*RMLENGTH-RMATORQUE

$END IF
$CONSTANT #ACCEL #TORQUE/RMINERTIA

The transient analysis programs store their results at a set of times defined by the
user. When the RM solver isrun and along initial transient is expected, it is con-
venient to be able to observe the progress of the solution. The output from all time
steps can be logged to afile in the format required by the GRAPH command. A
typical log file would contain the time, rotation angle and speed so that these may
be graphed as the solution progresses.

Preparing an OPERA-2d/RM run

The data required to analyse the model isinput using the SOLVE command (see
Reference Manual for details). The user can set the following information:

Linear or Non-linear solution

The linear solution options simply solves with the value of permeability (per-
mittivity) given by the region parameter PERM. A BH curveis still required
to give a vaue for the coercive force. The Non-linear option solves for the
non-linear materials as defined by the BH (DE) characteristics defined for
material numbers greater than 2. If Non-Linear is chosen the following param-
eters are set:

— Number of iterations can be set if a non-linear solution is requested. The
value entered sets a limit on the maximum number of non-linear itera-
tions.

— Tolerance is the convergence tolerance to be applied to the relative
change in the solution.

Time Step - Adaptive or Fixed

The user has a choice to fix the time step at which each solution is calculated,
or set an adaptive time step. In Adaptive Time-stepping integration, a time-
step variation is to achieve a user supplied relative tolerance between succes-
sivetime-steps. In general, values should be between 0.03 and 0.0001, but val-
ues outside this range can be given.

Output Times
A list of times at which the solution is stored may be supplied.

Rotation speed - fixed, variable or mechanical coupling
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This defines how therotational speed of therotating part of the model is deter-
mined. (See “Rotor speed” on page 5-37.)

‘New solution’ or Restart

Thisisonly availableif the .op2 file already contains a solution. The TR solu-
tion program allows a solution to be continued from the result contained in an
existing results file created by one of the analysis programs ST, AC or TR.

An application note on using the OPERA-2d/RM solver to model an induction
motor isincluded in this manual.

OPERA-2d User Guide

January 2002



Linear Motion (LM) 541

Linear Motion (LM)

The Linear Motion program (OPERA-2d/LM) is a Transient Eddy Current
Solver, extended to include the effects of motion. The solution can have XY sym-
metry, where motion can be in both X and Y directions, as well as alowing for
rotational motion about a point. The solution can aso have axi-symmetry, where
the motion is restricted to motion along the axial Z. The solver aso provides for
the use of external circuits and coupling to mechanica equations.

OPERA-2d/LM models make use of a special remeshing technique that requires
that the user separates the model into 3 groups of regions: the moving regions, the
regions that allow motion and the static sections. This processis controlled using
the LMMOTION command (see the OPERA-2d/PP reference manual). During
the time-stepping solution process the moving section of the model is reposi-
tioned and a reconnection mesh between moving and static sections created.

The meshing facilities made available by the LMMOTION command may also be
used advantageously with any other OPERA-2d solver for any model, since the
part of the model can easily be displaced without requiring as much mesh conti-
nuity.

OPERA-2d/LM models may be constructed with either linear or quadratic ele-
ments. It is advisable to maintain a balanced mesh (i.e. mesh of similar size ele-
ments) in the regions that allow motion and at the boundary of the moving part
(although they do not have to match exactly).

The Equations Solved

OPERA-2d/LM solves the vector diffusion equation with the magnetic vector
potential (SET SOLUTION=AT) as the unknown variable. It is formed from
equations (5.18), (5.21), (5.22) and (5.23), and theintegration of (5.19) on page 5-
13:

1 oA
Vx(ﬁVxA—HC) = J-o% (5.63)

inwhich the current density has been split into the prescribed sources, J and the

induced currents, 0%—? . In two dimensions, only the z components of A and Jg

exist. Equation (5.63) can be simplified to:

]
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1
—V~L—LVAZ—(V><HC)Z =J

The*driving' field isprovided by source currents, Js, non-zero potential boundary
conditions and permanent magnet coercive forces, H .. The permanent magnets

obvioudly create a dc field. The other driving terms can have a prescribed shape
in time. Each value of conductor number (region parameter N) can berelated to a
different driving function, with, if necessary, every region having adifferent func-

tion.

Chapter 5 - Analysis and Utility Programs

oA,
s_GE

Driving Functions

The driving function options are:

Transient Driving Functions

Name

Function

COSINE

t<O:F=1
t>0: F = cos (2rft—9).
The program prompts for f and ¢.

DC

Uniform in time from t=—co t0 t=+

PEAK

t<O:F=0
2

t>0:F = atexp(_%).

The program prompts for t.. a and b are chosen such
that F=1 at t=t,.

RAMP

t<O:F=0

t20,t<tF = tl

C
bt F=1
The program prompts for t..

EXPONENTIAL

t<O:F=0

t>0:F = 1—exp(:t).
tC
The program prompts for t..

SINE

t<0:F=0
t>0: F = sin (2nft—0).
The program prompts for f and ¢.

STEP

t<O:F=0
=0 F=1
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Transient Driving Functions (continued)

TTOFF t<0: F = F(0)

t>0: F = cubic splines

The program prompts for the name of atime-tablefile.
F(0) isthevalue of thefunctionin thetablefileat time
t=0.

TTON t<0: F=0

t>0: F = cubic spline

The program promptsfor the name of atime-tablefile.

The transient time table option allows the user to define driving functions other
than those programmed into the analysis code. The tables consist of files contain-
ing up to 1000 pairs of numbersin free format, one pair per line. The first number
on each line specifies the time; the second gives the function value. The values of
time should start at zero and increase through the file. Discontinuities in function
valueor first derivative can beforced by specifying two entriesfor the same value
of time. For switch-on cases, the function value at zero time need not be zero, but
it is assumed that the function has value zero for al time before zero. Beyond the
last value of time in the table the function continues with the same cubic function
calculated for the last section of the table.

Thedriving functions may be viewed using the Graphs Option, available from the
FILE Top Level Menu.

Eddy Current Conductors

In some problemsit isnecessary to allow eddy currentsto flow in driving conduc-
tors, redistributing the current density, or to limit the total eddy current in a con-
ductor to zero. This is achieved by solving an extra equation for each group of
regions which make up such a conductor. This equation limits the total current, I,

flowing in terms of %A‘ and a potential gradient, VV, which comes from the inte-

gration of equation (5.19) on page 5-13 and is usually zero.
- c(g_tA + Vv)asz = | (5.65)
QI
The effect of the potential gradient is a spatialy uniform current density over the

conductor, J* given by

J = oVV (5.66)
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and becomes an extra unknown in the modified equation (5.64). The following
two equations are solved together

l * aAZ
~V-SVA-VxH = 3 —og (5.67)
| (_Gaa_/? ¥ J*)agz = [190 (5.68)
QJ QJ

Equation (5.68) isrepeated for every group of regions with a different value of N
and SYMMETRY=#0. Jgis given by DENSITY.

External circuits

Transient solutions can be excited either by current sources or by voltage sources
connected via externa circuits to the model. The current density that can be
defined for each region is supplied by a current source. Independent of the prop-
erties of the coils the current is given as a function of time. The voltage driven
option allows a set of coils to be defined as a circuit which is connected to an
external voltage source in series with an external resistance, capacitance and
inductance. A coil isaset of regions that have the same conductor number N.

The Reference Manual provides a full description of External Circuits options.
Hints on the usage of external circuits are given in a separate Application Note.

Time Stepping
Thefinite element method used in OPERA-2d/LM issimilar to that described pre-

viously. However thetermsin A and Cla in equations (5.64) both yield matrices,

ot
referred to as R and S. The Galerkin procedure leads to a matrix equation
RA + Saaé +B =0 (5.69)

where A isnow avector of unknown potentialsand B isavector of driving terms.
The solution of equation (5.69) is also based on the Ga erkin procedure. A and B
are discretized in time using afirst order function of time:

A(t) = (1-T)a,+1a,, (5.70)

B(t) = (1-1)b, +1b, , , (5.71)

|
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where

= (5.72)
T = .
tn+1_tn

and a,, and b, are values of A and B at timet,,. Using t astheweight in a Galerkin

weighted residual solution of equation (5.69) leads to a recurrence relationship
between a,,,; and a;:

(R(l—e)—i)an+(R9+§[)an+l+bn(l—e)+bn+19 =0 (573)

where 9 = 1.

Adaptive Time All drive functions start by using a minimum time step. After the first step, the

Stepping time-step isautomatically adjusted to achieve time-stepping relative errors of less
than a user supplied tolerance. The time step is increased when the error is much
less than the tolerance, or reduced if the error comes close to the tolerance. The
time-step can never fall below the minimum time-step. For non-linear problems,
aschemeis linked with the solution of equation (5.73).

Fixed Time Step  Alternatively, the user can opt for the fixed time-stepping option, in which case
the time-step will remain constant (as defined by the user).

Boundary Conditions

OPERA-2d/LM supports the fixed potential (Fn=V, Vn=value) boundary
conditions but does not cater for periodic boundaries. All other boundaries should
be set to Fn=DV, DVn=0 (or to Fn=NO, which is equivaent).

Permanent M agnets

Permanent magnets can be specified by a non-zero value of H for zero B as the
first point of a BH curve. The easy direction is given by the region parameter
PHASE (see the BHDATA command).

]
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Restarts

OPERA-2d/LM can be restarted from a results file. This allows linear motion
solutions to be continued for larger values of time, or alternatively the Statics
(ST), Steady State AC (AC) or Transient (TR) analysis programs can provide a
solution for restart, enabling ‘ switch-off’ casesto be studied. Staticsand A C solu-
tions look like transient solutions at t=0.

Motion

The user may specify the speed of the moving part as a function of time during
the duration of the transient analysis. For example, the rotational speed (in RPM)
of a 4-pole 60 Hz machine rising towards synchronous speed could be given by

t
Speed = 1800 (1—e 0'01) (5.74)

with an exponential risetime constant of 10msec. The user specifiesthe rotational
speed in radians/second using an expression for a CONSTANT called #ROT-
SPEED in a.comi file. To implement equation (5.74), the file contains

$CONS #ROTSPEED 1800/60*2*pi* (1-EXP(-TTIME/0.01))
SCONS #SPEEDX 0.0
SCONS #SPEEDY 0.0

where TTIME is the system variable defining the current time in the transient.
Clearly, the commands in the file could be considerably more complex with dif-
ferent expressions defining the behaviour at different times by using conditional
$IF clauses and output values from the solver (alist of these isgiven in the table
in “Output log file” on page 5-47).

Thefollowing isatable defining thelist of variablesthat should be defined within
the file for controlling the speed.

XY symmetry, variable velocity

#SPEEDX Speed in the X direction (length units/ s)
#SPEEDY Speed inthe Y direction (Ilength units/ s)
#ROTSPEED Rotational speed (rad/s)

Axi-symmetry, variable velocity
#SPEEDZ ‘Speed in the Z direction (Iength units/ s)
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Mechanical Rather than using a user-specified fixed or varying speed, OPERA-2d/LM can

coupling compute the speed based on values of acceleration. Both the linear and angular
acceleration may be defined by the user. This allows conditional behaviour, for
instance, where additional load force / torque may be added to the machine sub-
ject to its operating speed or where the load has atime dependent behaviour. Sim-
ilarly, to the variable speed option, the user defines CONSTANTS that control the
acceleration at each time.

XY symmetry, mechanical coupling

#ACCELX Acceleration in the X direction (length units/ s2)
#ACCELY Accelerationinthe Y direction (length units/ s2)
#ROTACCEL Rotational acceleration (rad/s?)

Axi-symmetry, mechanical coupling
#ACCELZ Acceleration in the Z direction (length units/ s9)

For example, a body being accelerated in the X direction could be controlled
using

$CONSTANT #ROTACCEL 0.0

$CONSTANT #ACCELY 0.0

$CONSTANT #MASS 10.0

$CONSTANT #ACCELX LMXFORCE/#MASS

In this example, the only force acting on the moving body is the electromagnetic
force LMXFORCE.

Output log file The transient analysis programs store their results at a set of times defined by the
user. When the LM solver isrun and along initial transient is expected, it is con-
venient to be able to observe the progress of the solution. The output from all time
steps can be logged to afile in the format required by the GRAPH command. A
typical log file would contain the time, speed and forces so that these may be
graphed as the solution progresses.

A set of these outputs is defined when setting the analysis options. The outputs
can be any of the following values (or expressions based upon them)

General variables

TTIME Current solution time
11,12, ..., IN Current flowing in each external circuit definedin
the modd!.

]
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Variablesfor XY symmetry

LMXSHIFT Displacement in the X direction (length units)

LMYSHIFT Displacement in the Y direction (length units)

LMROTANGLE Rotational displacement (degrees)

LMXSPEED Speed in the X direction (Ilength units/ s)

LMYSPEED Speed inthe Y direction (length units/ s)

LMROTSPEED Rotational speed (rad/s)

LMXFORCE Forcein the X direction (Force unit / length unit)

LMXFORCE ForceintheY direction (Force unit / length unit)

LMTORQUE Torgue on the moving part (Force units)
Variablesfor axi-symmetry

LMZSHIFT Displacement in the Z direction (length units)

LMZSPEED Speed in the Z direction (length units/ s)

LMZFORCE Forcein the Z direction (Force units)

Preparing an OPERA-2d/LM Mod€

The preparation of the finite element model for the LM Solver requires that the
model is separated into 3 groups of regions, namely the MOVINGGROUR, the
MEDIUMGROUP and the STATIC regions. The namesfor the former two groups
are chosen by the user and subsequently assigned their special properties using the
LMMOTION command.

Figure 5.3 showsaprimitivelinear motor. Three phasewindings, arranged in their
respective slots, are excited sequentially to attract the moving part into place.
Symmetry is exploited in this model, hence the modelling of half the machine.

The moving part region together with thin slices of air surrounding it are grouped
under the name MOVE. The air regions along which the moving part will slide
are grouped under the name ENV. Figure 5.4 and Figure 5.5 illustrate the mem-
bers of each Group.
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UNITS
Length im
Flux density T
Field strength : Am™
Potential ‘Wb m*
Conductivity :Sm*
Source density: A m*

Power ‘W
Force ‘N
Energy :J
Mass ‘kg

PROBLEM DATA
inductionlc.im
Linear elements
XY symmetry
Vector potential
Magnetic fields
Linear motion solution
Time = 1.0E-04 s
7424 elements
3791 nodes
45 regions (+Gap)

25/5ep/2001 12:17:56 Page 55

V- OPERA-2d
Pre and Post-Processor 8.205

Figure5.3 A simplelinear motor model

UNITS} OPTIONS 4 DISPLAY4 HELFP FIELDSH

Figure5.4 Members of the MEDIUMGROUP

|
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Modelling

aspects of the
MOVINGGROUP

Chapter 5 - Analysis and Utility Programs

UNITS OPTIONS 4 DISPLAY HELF & FIELDSY

Figure5.5 Members of the MOVINGGROUP

The regions defining the MOVINGGROUP are drawn on top of the regions defining
the MEDIUMGROUP. This unusual operation can only be valid with the scope of sub-
sequently using the LMMOTION command. If symmetry is exploited in the
model, such as the case of the present example, drawing regions of the MOVING-
GROUP will result in the user being prompted to add points to the underlying
regions. The user must reply NO to this.

Initssimplest form, the MOV E Group would only contain oneregion, namely the
moving part. However, in order to obtain accurate answers on force cal culations,
there should be at least three layers of elementsin the air gap between the stator
and moving part. The latter is therefore surrounded by air regions with Q-shaped
elements which are added to the MOV E Group, ensuring afiner discretisation in
the region of interest. Figure 5.6 shows the mesh around the plunger area.
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UNITS
Length im
Flux density T

Field strength : Am™
Potential ‘Wb m*
Conductivity :Sm’*
Source density: A m”*
Power ‘W
Force N
Energy 23
Mass kg

PROBLEM DATA
inductionlc.im
Linear elements
XY symmetry
Vector potential
Magnetic fields
Linear motion solution
Time = 1.0E-04 s
7424 elements
3791 nodes
45 regions (+Gap)

V- OPERA-2d

Pre and Post-Processor 8205

Figure5.6 Mesh around the moving region

The MOVE and ENV regions are assigned their special properties by selecting

Model -> Draw Regions -> Linear motion air gap
and completing the dialog box shown in Figure 5.7.
In keyboard mode the command is

LMMOTION MESHING=YES MOVINGGROUP=MOVE MEDIUMGROUP=ENV
CENTREX=0 CENTREY=0

|
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FIELDS } MODEL 4 MEMNU_OFF

grounc
ting m/c air gap
LM gap region data
Gap region Mo gap region

MName of mo

=

Quit

Revturn gy mmetry

“Wector potential
MWagnetic fields
Mo mesh

45 regions (+5ap)

Figure5.7 Assigning special properties

Variable speed The LM solver offers avariety of operation modes through the use of command
or Variable (*.comi) files. Command files can be used to assign a variable velocity; thisis
acceleration applicablein cases where afunction of the velocity isknown. Hereisan example:

$CONS #SPEEDX 100*COS (2*PI*1000*TTIME)
SCONS #SPEEDY 0
$CONS #ROTSPEED 0

This will actualy result in the moving part performing an oscillatory motion
along the +/- X direction.

Alternatively, acomi file can aso be used to assign a variable accel eration, based
on the force exerted on the moving part at any given time. An example of thisfol-
lows:

$CONS #ACCELY O
$CONS #ROTACCEL 0
$CONS #MASS 0.1

|
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$CONS #SPRINGFORCE LMXSHIFT*5.2E-03
$CONS #ACCELX (LMXFORCE-#SPRINGFORCE) /#MASS

Inthisexample, thetotal accel erating force acting on the moving partisafunction
of the electromagnetic force exerted on it, as well as the mechanical force acted
upon it by the spring to which it is attached.

Preparing an OPERA-2d/LM run

The data required to analyse the model isinput using the SOLVE command (see
Reference Manual for details). The user can set the following information:

Linear or Non-linear solution

The linear solution options simply solves with the value of permeability (per-
mittivity) given by the region parameter PERM. A BH curveis still required
to give a vaue for the coercive force. The Non-linear option solves for the
non-linear materials as defined by the BH (DE) characteristics defined for
material numbers greater than 2. If Non-Linear is chosen the following param-
eters are set:

— Number of iterations can be set if a non-linear solution is requested. The
value entered sets a limit on the maximum number of non-linear itera-
tions.

— Tolerance is the convergence tolerance to be applied to the relative
change in the solution.

Time Step - Adaptive or Fixed
The user has a choice to fix the time step at which each solution is calcul ated,
or set an adaptive time step. In Adaptive Time-stepping integration, a time-
step variation is to achieve a user supplied relative tolerance between succes-
sivetime-steps. In general, values should be between 0.03 and 0.0001, but val-
ues outside this range can be given.
Output Times

A list of times at which the solution is stored may be supplied.

Motion - variable speed or mechanical coupling

This defines how the motion of the moving part of the model is determined.
(See“Motion” on page 5-46.)

‘New solution’ or Restart

Thisisonly availableif the .op2 file already contains a solution. The TR solu-
tion program allows a solution to be continued from the result contained in an
existing results file created by one of the analysis programs ST, AC or TR.
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Space Charge Beam Analysis (SP)

The Space Charge Beam Analysis Program (OPERA-2d/SP) solves for time
invariant electric fields including the effects of space charge created by beams of
charged particles. Infinite XY or axisymmetric coordinate systems can be used. A
magnetic field may also be applied in addition to the electric field.

The Equations Solved

OPERA-2d/SP solves for the electric scalar potentia defined by Poisson’s equa-
tion. The scalar potential form is derived by substituting eVo in the equation

defining the electric flux density (VD = p) to give
V-e(Vo-E,) =p (5.75)

Wherep istheéelectric charge density. Theterminvolving E . representselectrets.

OPERA-2d offers a number of choices of solution potential that can be selected
by using the SET command. In order to use the space charge analysis program
the model must be created with the following options

SET SOLUTION=V FIELD=ELECTRIC

The space charge density can be specified as a region property; however, in the
main application of this analysis program, the space charge is associated with
beams of charged particles. To cal culate the space charge and the resulting el ectric
field the following procedure is followed:

1. Thecharged particle emitting surfaces are specified by the user.

2.  Theanalysis program computes the tragjectories of the emitted particlesin
the electric (and magnetic) fields. Each particle trajectory is attached to an
area on the emitter surface and a current can therefore be associated with it.
Note that the particle trgjectory calculations include full relativistic correc-
tion.

The space chargein the beamsisincluded in the electric field recal cul ation.

Thisiteration (steps 2 and 3) is repeated until the electric field converges to
the correct solution.

Different types of particle emission models can be selected in the analysis pro-
gram. These include Child’s law and Langmuir/Fry relationships for the calcula-
tion of the space charge limited current, field effect emission and defined current
densitiesand initial energy. Several emitting surfaces can be specified in amodel,

|
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the type of particle and the emission model used can be selected for each surface.
The emitting surfaces may overlap each other.

OPERA-2d Data inter pretation

The OPERA-2d/SP analysis program expects material code number O to be free
space with zero charge density, material number 1 to have charge density not
equal to zero and relative permittivity of one. The region values of PERM are
used and the charge density parameters may be non zero. DE (BH) characteristics
are required because the value of E for the first point of the table (which must

have D equal zero) definesthe E . for the material.

The region parameter PHASE defines the easy direction of polarization for an
electret material. The remanent polarization is in the negative X direction of a
local coordinate system that is rotated anticlockwise by an angle PHASE in
degrees from the X axis.

In general, the calculated trgjectories of particles are stopped at the boundary of
the finite element mesh, but not at the axis of axisymmetric models. Stopping the
trajectory calculation in this way is computationally expensive and, in some
applications there may be arequirement for the particlesto be stopped interior to
the mesh. Trajectory calculations are therefore stopped when the trajectory inter-
sects aregion with material code 1. It is recommended that regions with material
code 1 are added to the outside of the mesh where the beam leaves the model in
order to improve the efficiency of the calculation.

Thermal emission models

Thermal The thermal saturation limit assumes that the electron current emitted by an elec-
saturation limit-  trodeis independent of the applied voltage, and that it depends only on the tem-
type O perature, work function and emission constant of the material. The current density
is given by the Richardson-Dushman law
_qeq)w
jo = AT% (5.76)

where A is the emission constant for the surface in Amps/cmz, b,y IS the work
function of the cathode material in volts, g is the electronic charge in coulombs,

k is Boltzmann's constant (1.3804x10-22 Joule/Kelvin) and T is the temperature
of the cathode.
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Child’'s Law
current limit -
type 2

OPERA-2d User Guide

Chapter 5 - Analysis and Utility Programs

Theinitial velocity of the particlesisassumed to be the mean of thethermal veloc-
ity Maxwellian distribution.

Child’s law gives the maximum current density that can be carried in a beam of
charged particles across a one dimensional accelerating gap. The equation is
derived by requiring equilibrium of the charged particles with a self consistent
space charge field.

In order to apply this equation within the program, an accderating gap width d
must be supplied, see Figure 5.8. The equation only appliesto infinite planar emit-
ters. It isassumed that the radius of curvature of the emitting surfaceislarge com-
pared to the dimension d and that therefore the one dimensional solution can be
used.

The equation for the space charge limited current is

3/2
4¢ V

jo = =2 (2290 (5.77)

€ 9 mo d2

where g is the permittivity of free space, Zq isthe charge on the particle in cou-
lombs, my isthe particle rest massin kilograms and V, is the accelerating voltage
applied to the accelerating gap d.

When this model of the emitter is used in the space charge solution program, the
accelerating voltage is determined by calculating the voltage at a distance d nor-
mal to emitter surface, from the finite e ement solution.

The distance d should be such that two or three elements are included between the
sample point and the surface, it should also be small compared to the radius of
curvature of the surface.

Theinitial velocity of the particlesis assumed to be the mean of the thermal veloc-
ity maxwellian distribution. The emission constant, work function and tempera-
ture must be given, and if the Child's law current density exceeds the thermal
saturation limit, the current density will be limited to the saturation value.

For emitter types 1, 2 and 8 the current from the emitter is equal to the current
actually leaving the emitter. Any test beamlet (particle) that is returned to the
emitter by the potential barrier is not included in the total current from the emitter
that the program prints out in the .resfile.
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3 elements

Figure5.8 Potential distribution between two electrodesfor a Child’sLaw emitter.
Theemitter on theleft-hand sidehasa potential of Ovolt. Theother electrodeonthe
right-hand side has a potential of 1000 volt.

Langmuir/Fry Child's law assumes zero initial energy particles. A more reaistic one dimen-
current limit - sional solution can be found taking into account the velocity distribution of parti-
types 1 and 8 clesin athermionic emitter.

In many cases thermionic emitters are operated in a space charge limited mode.
This produces a uniform current distribution because the flow is insensitive to
local variations of the surface emissivity. The initial particle energy distribution
isimportant in this case.

A non-linear differential equation must be solved in order to calculate the space
charge limited current (Reference: Kirstein, Kino & Waters, Space Charge Flow,
McGraw-Hill, pp265-276), the program solves the non-linear equation using a
shooting method.

Asinthe Child’slaw model, asample distance d must be specified, see Figure 5.9.
The sampling distance should be 2 to 3 times the value of the potential minimum
distance.
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Figure5.9 Potential distribution between two electrodes. The emitter on the left-
hand side has a potential of 0 volt. The other electrode on theright-hand side hasa
potential of 1000 volt. The space chargein front of the emitter isgenerating a
potential barrier.

The one dimensional Langmuir/Fry model is then solved using the voltage com-
puted at the sample point.

The initial velocity of the particles is computed from the displaced Maxwellian
distribution of the particles that escape the voltage minimum that exists in front
of the emitter.

Two options are supported with the Langmuir/Fry emission model. The particles
are either tracked from the specified emission surface (type 8) or from a virtual
cathode (type 1).

Thevirtual cathode is defined by a set of positions on the normals from points on
the emission surface, where the voltage is equal to the value at the emission sur-
face. This assumes that the space charge is creating a voltage minimum in front
of the emitter, if the voltage minimum does not exist then particles are tracked
from the emitter surface.
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It should be noted that the sample distance d must be larger than the spacing
between the emission surface and the computed virtual cathode.

For emitter types 1, 2 and 8 the current from the emitter is equal to the current
actually leaving the emitter. Any test beamlet (particle) that is returned to the
emitter by the potential barrier is not included in the total current from the emitter
that the program prints out in the .resfile.

Maxwell velocity — This option samples the velocity distribution of the electrons escaping from a

distribution thermionic emitter. Normal and tangential velocities may be sampled in the cur-
sampling—type  rent release of the software.
10and 11

The Maxwellian velocity distribution is divided into a set of ranges (also called
bins) such that each range contains the same number of particles. Figure 5.10
shows an example of avelocity distribution with 4 bins. A test ray istracked from
each velocity bin, its velocity is determined by the average kinetic energy of the
particlesin the bin.

Number density
[electrons/cm3]

Bins

AN

Velocity
Figure5.10 Maxwell velocity distribution with 4 ranges

Emitter type 10 uses only a normal velocity sampling; emitter type 11 uses both
normal and tangential velocity sampling (the Maxwell distributions for the nor-
mal and tangentia directions are independent).

The current density of electrons at a particular velocity (V) isjg n(v) where

_qeq)w

= AT?e T (5.78)

e

and the normalised distribution function in terms of velocity is
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2
—mv

2kT
nv) = 2 ,27[%— e (5.79)

Depending on the specific geometry of afinite element model some space charge
may build up in front of an emitter. In this case the cathode's current is “space
charge limited”; there will be apotential barrier in front of the cathode created by
the space charge, see Figure 5.11.

Volts L 4
- 4 ’
0
Distance from the
AV/5T Emitting Surface
v\ Potential-
Barrier

Figure5.11 Potential barrier in front of an emitter

In order to |eave the emitter surface, an electron needs an initial velocity (kinetic
energy) greater than that required to pass over the potential barrier.

If the current is space charge limited, the finite element mesh close to the emitter
surface must be capable of modelling the voltage minimum that may occur.

With agiven value of the potential barrier Vpg the escape-velocity can be worked
out, see Figure 5.12. In the given example four test trgjectories are being emitted
per emitting point, but only two of these are capable of passing the potential bar-
rier.

A test ray from adiscrete normal velocity bin can escape the potential barrier only
if

2-9-Vpg
normal > m
e

v (5.80)
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Figure5.12 Twotrajectorieswith energy greater than Vpg areleaving the example-
emitter of Figure5.10

The potential barrier doesn't affect the tangential velocities of emitter type 11.
The only fact which determines whether a particle escapes or not is the normal
velocity.

Example for If you ask the program for a normal sampling = 4 and a tangential sampling = 2,
emitter type 11 the Maxwell velocity distribution will give 4*2*2*4 = 64 test-rays per emitting
point, but only 32 of these can escape the potential barrier in Figure 5.12.
The factors above are based on
4 normal samplings for the example in Figure 5.10,
2 beams tangentia (in x direction),
2 beams tangentia (iny direction) and
4 combinations (x+y, X-y, -X+y, -X-Y).

The resolution of the emission current is defined by the equation

ISaturation
number of Viormal bins

Resolution = (5.81)

For afull nonlinear solution a sampling of the normal velocity should be expected
to require more than 10 hins.
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Field effect emission models

Fowler Thisoption calculates the current that will be extracted by very high electric fields

Nordheim Field applied to the surface of the cathode. Significant tunnelling of electrons close to

emission - type4  thesurface of a cold metallic cathode will occur if ahigh electric field is applied
to materials with alow thermionic work function. Fowler and Nordheim (1928)
derived arigorous solution for this tunnelling current:

NIw

1 ,  888x 10792

E 2
J, = 62x10° _E o F (5.82)
q)W Ef+¢w

where J, isthe current density in Amps/cmz, E; isthe Fermi energy of electronsin
the metal and E isthe electric field in VoltsMetre applied to the metallic surface.
Extensions to the basic theory to include the change in barrier voltage produced
by the escaping electrons give the following result:

4nb(2qmo)1/2¢w3/2

_ (hgE\? 1 Eh
3= A( 475K) T © (5.83)

where his Planck’s constant, and:

I\JIH

(5.84)

1 ]
(4n80) ¢W
1 \L.33

2

3( 1+ 0.1107

m
NI

(4meg) o,

Schottky Field This option calculates the current that will be emitted from a cathode, at aknown
emission - type5  temperature, for the lowest field strengths at which field emission occurs. The

current density (Jsin Amps/cn) is given by
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1

3_2
_qeq)w + (qu)
2 KT
Js = ATe (5.85)
Extended At intermediate fields, the extended Schottky model predicts higher and more
Schottky Field realistic currents. In this case the current density is given by
emission - type 6 1/4_3/4
nhg, E
1/2
_ n(2m)~ “KT
Je = Js 1/4_3/4 (5:86)
. mhg, E
sn———
n(em)Y kT

where Jgis given by equation 5.85

Automatic Field  Threeregimes of field emission are available in the software, the choice depends

Emission on the magnitude of the electric field at the start point of each particle. Users may

selection - type 7 €ither select a particular model, as shown above, or allow the program to deter-
mine which model is appropriate (type 7). The program will select the model that
givesthe largest current density.

Other emission models

Specifiedcurrent  The program has options that allows a current density and initial particle energy
density - type 3 to be specified.

Plasma Free A simplemodel has been introduced that allows extraction of particlesfrom plas-
Surface Model -  mas to be modelled. The emission boundary of the plasmais defined as the sur-
type 102 face on which the normal component of the electric field strength is constant. The

first point of the user specified emitter surface is kept fixed, the other points are
adjusted to achieve this constant field condition. Child's law is then used to com-
pute the current density that can be extracted from each point on the plasmaemis-
sion boundary.
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Record 1

Record 2

Chapter 5 - Analysis and Utility Programs

Emitter Data File

The emitter surfaces must be described in adatafile with afile name extension of
emit and the same file name as the model geometry file. This file can be created
using the pre and post processor EMIT command or can be created using a text
editor with the format described below (N.B. CGS units must be used in the emit-
ter datafile). The emitter datafile format is as follows (note that free format input
isused and all dataitems must therefore be entered).

Model symmetry

This data is required to provide compatibility with the 3D version of the space
charge beam software. The datais not at present used in the 2D program.

NE:T?ISEI‘ Type | Units Description

1 Integer [None |Order of rotational symmetry about the Z
axis. (Not yet used in OPERA-2d.)

2 Integer INone |Reflection flag for XY plane. (Not yet used in
OPERA-2d.)

3 Integer INone |Reflection flag for YZ plane. (Not yet used in
OPERA-2d.)

4 Integer |[None |Reflection flag for ZX plane. (Not yet used in
OPERA-2d.)

Global parameters

A number of independent emitting surfaces may be defined in amodel. Each sur-
face hasits own emission characteristics. Some parameters apply to all aspects of
the calculation, for example, the maximum distance between the points used to
represent each trajectory, the accuracy of the trgjectory calculation and the dis-
tance used to evaluate the current limit models.

Field . I
Number Type | Units Description
1 Integer [None |Number Of Emitters
2 Read |cm Maximum step length allowed in the trajec-
tory calculation.

OPERA-2d User Guide

January 2002



5-65

Space Charge Beam Analysis (SP)
3 Red |cm Absolute tolerance for the trgectory calcula-
tion.
4 Read |cm Normal sampling distance. The distance from

the emitter surface used to sample the poten-
tial for the Child's and Langmuir/Fry equa-
tions.

Records 3 to 8 are then repeated as a group, NUMBER of EMITTER times.

Record 3 Emitter characteristics

The emission model is specified for each emitter, together with the data required
to characterize the emitter.

Field
Number

Type

Units Description

1

Integer

None Emitter type:

0 = Thermal saturation limit

1 = 1D Langmuir/Fry limit (with virtual
cathode)

2=1D Child’slaw limit

3 = gpecified current density

4 = Fowler Nordheim Field emission

5 = Schottky Field emission

6 = Extended Schottky field emission

7 = Automatic selection between types 4, 5
and 6

8 = 1D Langmuir/Fry limit

10= Maxwell Normal Velocity sampling
11= Maxwell Norma and Tangentia
Velocity sampling

102= Plasma free surface model

Real

kelvin Emitter temperature

Redl

volt Emitter Work function (or initial particle
energy, emitter type 3)

Real

amp cm~—2|Emission constant for the emitter (for types
0,1,2,5,6and 10).
Current density for type 3 emitter.

Version 8.5
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Record 4 Particletype
Field : .
Number Type | Units Description
| 1 Real  |None |Particle rest massin electron rest mass units.
2 Integer [None |Number of charge quanta carried by the parti-
cle (-1 for an electron).
Record 5 Samplerays

Enhanced models for the emitters are being developed, these will include sam-
pling of the velocity distribution of the input particles. Trajectories are calculated
for aset of particles. In the curved line segment emitter models at |east one parti-
cleisstarted from each subdivision of the line. The maximum distance parameter
can be used to increase the number used.

Field . .
Number Type | Units Description
1 Integer [INone |Number of sample binsused to sampletangen-
tial velocity (only used with emitter type 11).
2 Integer INone |Number of sample bins used to sample normal
velocity (only used with emitter types 10 and
11).
3 Real |cm Maximum distance (tangential to the emitter
surface) between sample rays.
Record 6 Number of line segmentsrepresenting the emitter
Field . .
Number Type | Units Description
1 Integer [None |The number of line segments in the model for
the emitter.

Records 7 and 8 are repeated as a group, number of line segments times.
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Record 7 Line segment geometry type
Field
Number

1 Integer INone |Geometry type for the line segment (0 =
curved line segment).

Type | Units Description

Record 8 Line segment definition

NEIn?Ik?er Type | Units Description

1 Rea |cm Starting X(R) coordinate.

2 Real |cm Starting Y (Z) coordinate.

3 Real |cm Final X(R) coordinate.

4 Real |cm Fina Y (Z) coordinate.

5 Real |l/cm |[Curvature of the line segment (positive
implies centre is to the right of the line from
start to end).

6 Real |cm Bias parameter. This should be equa to the
region face bias parameter.

7 Integer |None |Linesubdivision. Number of segmentstheline

will be divided into (for best results use line
segments that correspond with region faces
and have the same subdivision).

Combining M agnetic and Electric Fields

The space charge beam analysis program can be run with a combination of elec-
tric and magnetic fields. The following procedure should be used.

1.  Set up amodel which represents both the magnetic and electric parts of the
system.

2. SET the problem type to MAGNETIC, the solution type to one of the vec-
tor potential options and the units for magnetic quantities.

3. Assign the magnetic material properties, excitations and boundary condi-
tions.

4. WRITE adatafile and solve the magnetic problem with the statics analysis
program.
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5. Post process the statics solution: usethe EXTRA sub-command, TABLE, to
create tables of nodal values of the magnetic flux density. The tables should
be called XBFLUX and YBFLUX (XY symmetry) or RBFLUX and
ZBFLUX (axisymmetry).

Remove the magnetic excitations and boundary conditions.

SET the problem typeto ELECTRIC, the solution typeto V (scalar) and
the units for electric quantities.

Assign electric material properties, excitations and boundary conditions.
READ the tables of XBFLUX and YBFLUX.

10. WRITE the datafile for the space charge beam analysis. Include the names
of the magnetic flux density tables on the WRITE command.

11. Solve the space charge beam problem.

Notethat the mesh for the magnetic model must contain all the geometric datathat
will subsequently be used for the electric field model. If the regions required for
the electric field model are entered first, the additional regionsthat are added sub-
sequently to create the magnetic field model may be erased after operation 5 in
the above procedure.

Preparing an OPERA-2d/SP run
The data required to analyse the model isinput using the SOLVE command (see
Reference Manual for details). The user can set the following information:
* lterations Data
This defines data to control the iterative procedure. Vauesto be set are:
— Maximum number of iterations

The value entered sets alimit on the maximum number of non-linear iter-
ations.

— Convergence tolerance

This is the convergence tolerance to be applied to the relative change in
the electric potential solution.

— Under-relaxation factor

Aninitial under relaxation factor is required to help the non-linear itera-
tions to converge. This should be approximately equal to the ratio of the
expected space charge limited current to the maximum (thermally lim-
ited) current from the emitters.
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e Scalefactors

The scaling factor multiplies non-zero boundary condition values. A list of
scaling factors can be supplied.

* ‘New solution’ or Restart

Thisisonly available if the .op2 file already contains a solution. The SP solu-
tion program allows a solution to be restarted from the result contained in an
existing spfile. Thisisafacility that can be used to minimise the solution times
for a series of problems with similar geometry or materials, or to continue a
solution for more iterations if it has failed to converge. To use this option the
input data file must contain a solution.

The space charge analysis program also requires an emitter datafilein addition to
the model datafile. This must have the same file name as the model datafile and
a file name extension of emit. The emitter file can be created using the pre and
post processor EMIT command or can be created using atext editor using the for-
mat described in the previous section (“ Emitter Data File” on page 5-64).

Post Processing

The space charge density calculated by the analysis program is stored in the solu-
tion file as atable with the name RHO (in DENSITY units). Thisisread into the
pre and post processor and the distribution can then be graphed or contoured using
RHO as asystem variable.

The VIEW command can be used to view the sample beams that were used by the
analysis programsto calcul ate the space charge effects. The beam trgjectories are
stored in afile with the extension tracks and the same name as the data file.
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Thermal Analysis(TH and THTR)

The Thermal Analysis Programs (OPERA-2d/TH and OPERA-2d/THTR) solve
for steady-state and transient temperature distributions. It is possible to apply
fixed temperature constraints to nodes and/or faces and cooling conditions to
faces. Heat sources are provided as element power densities which can be calcu-
lated from an earlier electromagnetic solution.

The model is defined with the OPERA-2d pre and post processor. If analysis of
electromagnetically generated heat is required, the electromagnetic analysis must
be performed first in the normal way. Before thermal analysis, the user must pro-
vide additional information as detailed below. After solution the pre and post
processor is used to examine the results. Temperatures throughout the whole
model are available. All the usua post processing facilities may be used. Mag-
netic and thermal results can be displayed simultaneously.

The Equations Solved

The steady-state program (TH) solves the Poisson equation in temperature, T
(equation (5.87)) and the transient program (THTR) solvesthe diffusion equation
in temperature, T (equation (5.87)):

V-kVT = Q (5.87)

V- kVT+ pc%r =Q (5.88)

where kisthe thermal conductivity, p the density, c the specific heat capacity and
Q the input power density.

Boundary Conditions

Three types of boundary condition are available: fixed temperature, perfect insu-
lation and general thermal flow condition. Conditions are applied (after meshing)
by using the EXTRA sub-commands CURSOR, FACE or NODE.

The fixed temperature condition, T=c, must be supplied on at least one node in
order to achieve asolution. It isdefined by: TEMP t

OPERA-2d User Guide
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The perfect insulation condition, g—-r: = 0 isthe*natural’ boundary condition and

thus applies to any boundaries not otherwise set.

The thermal flow condition allows a combination of a constant heat flux, g, and
convective heat transfer defined by a heat transfer coefficient, oo and the coolant
temperature, T. The condition is given by

oT
5 = q+a(T-Ty) (5.89)
where k is the thermal conductivity of the material (see page 5-71). It is on faces
defined by: THER q a tO0

I nitial Conditions

For the transient analysis (THTR), initial temperatures throughout the model can
be specified using atable, otherwise theinitial temperature will be assumed to be
zero everywhere.

The table is made with the EXTRA sub-command TABLE. The table type must
be NODAL, the name must be TEMP and the COMPONENT should be set to
the value of the temperature required. The table name must be specified when
writing the datafile.

Material Properties

Material properties are specified by using the EXTRA sub-command MATE-
RIAL. The material type THERMAL should be chosen. Two values can then be
entered for the thermal conductivity tensor and one for the material angle relative
to the globa x-axis. Transient analysis also needs values for the specific heat
capacity and density.

Air dlementsare usually required for magnetic analysis, but serve no purpose dur-
ing thermal analysis. The Thermal Analysis Program recognizes air elements and
omits them from the equation assembly and solution processes, thus allowing the
same model and mesh to be used for both magnetic and thermal analyses. Any
material of type NULL or for which material properties are not provided is also
treated as air.
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Heat Sources

The EXTRA sub-command TABLE may be used after a successful magnetic
analysisto store the computed values of the power densities, so that these may be
used to calculate the heat sourcesin the elements for input to the Thermal Analy-
sis Program. For example,

TABL COMP=J**2/SIGMA NUMB=1 NAME=HEAT TYPE=ELEM,
UNIT=POWEU/LENGU**3

The values stored (specified by TYPE=ELEM) are the power densities cal culated
at the element centroids. Any valid expression for power density can be used. If
different expressions are needed in different parts of the model OPTION=ADD
can be used to add values to an existing table.

The table name must be specified when writing the data file.

Preparing a Thermal Analysisrun

The Thermal Analysis module (TH) does not require any additional information
in order to be analysed.

The data required to analyse the transient Therma Analysis module (THTR) is
input using the SOLVE command (see Reference Manual for details). The user
can set the following information:

» Time Step - Adaptive or Fixed

The user has a choice to fix the time step at which each solution is calculated,
or set an adaptive time step. In Adaptive Time-stepping integration, a time-
step variation is defined to achieve a user supplied relative tolerance between
successive time-steps. In general, values should be between 0.03 and 0.0001,
but values outside this range can be given.

e Output Times
A list of times at which the solution is stored may be supplied.

Post Processing

Results from the Therma Analysis Program will have been saved in afile with
file name extension th. After starting the pre and post processor, this file can be
read with

READ filename. th

OPERA-2d User Guide
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All the post processing options are available with the additional variables HEAT
and TEMP can beusedin expressionsfor field COMPONENT. Inthe case of the

result of transient analysis, the CASE parameter should be used to choose
between the results at different times.
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Sress Analysis (SA)

The Stress Analysis Program (OPERA-2d/SA) solves for static stresses and dis-
placementsin plane stress, plane strain and axisymmetric conditions. It ispossible
to apply external constraints to nodes and/or faces; loads due to external forces
may be applied, together with Lorentz forces obtained from a magnetic analysis.
Various types of material can be specified, including isotropic, orthotropic, trans-
versely isotropic and axi-symmetrically-stratified.

The model is defined with the OPERA-2d pre and post processor. If analysis of
magnetic forcesisrequired, the electromagnetic analysis must be performed first
in the normal way. Before stress analysis, the user must provide additional infor-
mation as detailed below. After solution the pre and post processor is used to
examine the results. Displacements and stresses throughout the whole model are
available. All the usua post processing facilities may be used; in addition the
deformed shape of the model can be displayed. Magnetic and structural results
can be displayed simultaneously.

The Equations Solved

Each element has its own stiffness matrix and load vector obtained from

[1B1'ICIIB]dz (5.90)
\%
and
fiN' ey av + [INT ' Ty (5.91)
Y S
where

[B] relates nodal strains to noda displacements according to
{e}=[Bl{q}

{e} isthe vector of nodal strains

{q} isthe vector of nodal displacements

[C] isthe matrix of material property constants

[N] is the shape function matrix

{X}  isthevector of body force densities

{T} isthevector of surface tractions
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These are assembled into the globa matrix equation
[KI{d} = {f} (5.92)

where [K] isthe global stiffness matrix, {d} isthe global vector of displacements
and {f} isthe global vector of external forces (obtained by adding external nodal
forces to the element load vectors.

After modification to represent the application of constraints to some degrees of
freedom this equation is solved for the vector of displacements. Each node has
two degrees of freedominxandiny. Thereisaforce and adisplacement, for each
degree of freedom for each node.

Constraints

To enable the global matrix equation to be solved, it is necessary to apply suffi-
cient constraints to the model to eliminate the possibility of rigid body motionsin
space. We can partition equation (5.92) into the set of unconstrained (u) degrees
of freedom, and the set of constrained (c) degrees of freedom:

[KUU Ku(i dU - fU (593)

From this, by matrix multiplication, we obtain the two matrix equations

Ko,y + Kyl = f (5.94)

u

Keydy + Keele = f, (5.95)

The first of these contains al the information required to solve for the uncon-
strained set of displacements when rewritten

Kudy = fu—Kyede (5.96)
but to avoid the work necessary to explicitly partition the equations, we solve the
matrix equation

N L R (5.97)
0 1 dc dc
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which can be done without any re-arrangement of the degrees of freedom. Note
that the unconstrained forces on the right hand side are modified by subtracting
terms containing the vector of known displacements. To apply constraint to a
node, we specify a displacement for either or both of the node’s two degrees of

freedom.
Pre Processing
Constraints Constraints are applied (after meshing) by using the EXTRA command followed

by the sub-commands CURSOR, FACE or NODE; having defined a node or
face the required constraint values are defined with

CONS x y

where numerical values or expressions are substituted for x and y. x or y can be
omitted in order to constrain in one direction only. It is possible to constrain nodes
to movein directionsinclined to the global x axes with

SKEW angle

where a numerical value or expression in degrees is substituted for angle. Thus
SKEW 0 isequivalentto CONS 0, i.e. movement allowed only in the x direction,
and SKEW 90 is equivalent to CONS 0, i.e. movement allowed only in the y
direction.

External Forces  Forces are applied (after meshing) by using the EXTRA command followed by
the sub-commands CURSOR, FACE or NODE; having defined a node or face
the required force values are defined with

LOAD x y

where numerical values or expressions are substituted for x and y.

* InXY symmetry, aload on anodeisused asaforce per unit length. A load on
afaceisused asasurfacetraction, i.e. the total force applied per unit length is
the load multiplied by the length of the face.

* Inaxisymmetry, aload on anodeis multiplied by 2nr to givetheforce. A load
on afaceisapressure, and is multiplied by the surface areato give the force.

Material Material properties are specified by using the EXTRA command followed by the
Properties sub-command MATERIAL, which has the parameter OPTION. Refer to Refer-
ence Manual for details of the functions provided by OPTION. According to the

|
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material type chosen (ISOTROPIC, ORTHOTROPIC, TRANSVERSELY
ISOTROPIC, AXISYMMETRIC-STRATIFIED or NULL) values can be
entered for Young's moduli, Poisson’s ratios, thermal expansion integrals, etc.

Air dlementsare usually required for magnetic analysis, but serve no purpose dur-
ing stress analysis. The Stress Analysis Program recognizes air elements and
omits them from the equation assembly and solution processes, thus allowing the
same model and mesh to be used for both magnetic and structural analyses. Any
material of type NULL or for which material properties are not provided is al'so
treated as air.

Tables of The command TABLE may be used after a successful magnetic analysis to store

Internal Forces  the computed values of the force densities, so that these may be used to calculate
the body forces on the elements for input to the Stress Analysis Program. For
example, in XY symmetry

TABL COMP=LX NUMB=1 NAME=XLOAD TYPE=ELEM,
UNIT=FORCU/LENGU**3
TABL COMP=LY NUMB=2 NAME=YLOAD

or in AXIsymmetry

TABL COMP=LR NUMB=1 NAME=RLOAD TYPE=ELEM,
UNIT=FORCU/LENGU**3
TABL COMP=LZ NUMB=2 NAME=ZLOAD

The values stored (specified by TYPE=ELEM) are the Lorentz force densities cal -
culated at the element centroids. Any valid expression for force density can be
used. If body forces are required in magnetic material, the best results can be
obtained using Maxwell stress integrals around each element. This can be
achieved using (in XY symmetry)

TABL NUMB=1] NAME=XLOAD TYPE=MAXX,
UNIT=FORCU/LENGU**3
TABL NUMB=2 NAME=YLOAD TYPE=MAXY

N.B. The COMPONENT isignored if TYPE=MAXX Or TYPE=MAXY.

Saving the Themodel region dataand mesh information, together with any tableswhich have
Model been created must be written by, for example

WRITE file name XLOAD YLOAD
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Preparing a Stress Analysisrun
The data required to analyse the model isinput using the SOLVE command (see
Reference Manual for details). The user can set the following information:
* Plane STRESS, plane STRAIN or AXISYMMETRY

Details of each type of analysis are given with the Stress Analysis Example
included in the User Guide.

Post Processing

Results from the Stress Analysis Program will have been saved in afile with file
name extension sa. After starting the pre and post processor, this file can be read
with

READ filename. sa

All the post processing options are available. A useful first check isto ensure that
a good solution has been obtained is to plot the deformed shape:

RECO

can be used first to display the undeformed shape, then
CONT +DEFORM VX=DISPX*xfac VY=DISPY*yfac

where suitable numerical values or expressions are substituted for xfac and yfac
displaysthe deformed mesh; the x and y displacementswill be multiplied by these
factors to produce a shape which is adequately deformed. Deformed mesh plots
can be combined with other types of contours. If an electromagnetic solution was
used to provide the input forces for the stress analysis, that solution is still avail-
able and can be used in conjunction with the stress analysis solution for further
post processing.

More information on preparing, solving and post processing SA problems is
given in aseparate Application Note.
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The DXF Interface Program

The DXF interface program creates a Command Input File from a DXF datafile,
which can then be read into the OPERA-2d pre and post processor using the
$ COMINPUT command. To run the DXF interface program the DXF option
should be selected from the top level OPERA-2d menu.

| nput Options
The program prompts the user to specify some (or all) of the following informa-
tion:
» The DXF file name (including the .dxf or other extension)
e The Command Input file name (including the .comi extension)
Thedatatype POINTS inthe DXF file may berepresented in the Command Input
Filein two ways:

» Construction line crosses (x) i.e. pairs of construction lines which intersect at
thepoint. If thisis chosen, then the size of the cross (the length of the construc-
tion lines) may be specified.

» A sequence of construction lines (1) i.e. each line connecting an adjacent pair
of points.

The program prompts for x or 1.

The data type POLYLINE in the DXF file may be represented in the Command

Input File as

» Construction lines (c).

* Region boundaries which will be closed to give a Polygonal Region (x).

* Regionsof SHAPE=H based on the Polylinewidth (w). If the Polylinewidth is
0, construction lines are used.

The program promptsfor ¢, r or w.

SOLID and TRACE datatypesin the DXF file may beincluded in the Command
input Fileasregions of SHAPE=H in the sameway asthe Polyline w option above.
For these regions the number of subdivisionsand material number must be given.

Most CAD software will permit subsets of drawings to be stored in a number of
DXF files. Thisisthe most effective way of using the interface program since a
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number of Command Input Files may be produced with different material num-
bers, which are read sequentially to form amodel.

|
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Adaptive Analysis

Version 8.5

Adaptive Analysisis available with the ST, AC and VL solvers. During Adaptive
Analysisthevalue of error in the origina solution is used to determine which ele-
ments should be subdivided in order to achieve abetter solution. Sincethisroutine
modifies the mesh itsdlf, any regularly meshed quadrilaterals (shape H and Q
regions) are automatically converted to polygons before the analysis starts.

The adaption processis terminated for one of the following reasons:
* Number of refinement iterations required is reached.
»  Maximum number of elements specified by the user is exceeded.

»  Maximum number of elements allowed by the program is exceeded.

» The accuracy required on the solution is satisfied.

Running Adaptive Analysis

Adaptive Analysis (Mesh Refinement) can be switched on within the ST, AC and
VL Analysis options. The following outlines the options which need to be
checked:

e Maximum number of iterations

If zero is entered, the default is set to one iteration; i.e. the process provides
the first pre-adaption solution.

e  Maximum number of e ements

Therefinement routine will increase the discretisation in areas where the solu-
tion error is high. The maximum number of elements is the limit on the mesh
refinement process.

» Final convergence accuracy

This is the accuracy required on the refined model, and is expressed in units
%. The default value is 5% and this should be reduced if greater accuracy is
sought.

|
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Chapter 6
Application Notes

Flux Linkage Calculationsin 2D Solutions

Cartesian Problems

In a model with XY symmetry, the cross section of a long device is analysed.
Therewill be X and Y components of flux density and Z directed currents.

Consider two pointsin the cross section. The flux per unit length linking lines par-

ald to the Z direction, through the two points, is simply given by the difference
in the vector potential (A,) between the points.

For alinein the x-direction the flux linked in the x-z planeis given by:

z=1x=b
o = B, dx dz (6.1)
J.z— OJ.x: a y
: : o : dA,
Since curl(A)=B, and since only A, existsin the 2D analysis, then By =
the flux linkage per unit length is:
x=b
dA
¢ = —j d—zdx
x=a X (6.2)

(A(a) —A, (b))

If acoil ismade up of anumber of filaments and has aturns density of n, thenthe
mean flux linkage is given by:

]
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d = J. n¢ dx dz (6.3)

coil area

For acoil with uniform turns density, in terms of the vector potential A,, the mean
flux linkageis:

! 1
® = jAZ(a)(dx)dz—C—oiI g [Aby(dxdz  (6.4)

coil areaa coil areab

The OPERA-2d commands to do this would be:

SCONS #Aa area-a

SCONS #Ab area-b

INTA REGl=condb REG2=condb COMP=POT/#Ab
SCONS #POTB INTEGRAL

INTA REGl=conda REG2=conda COMP=POT/#Aa
SCONS #POTA INTEGRAL

SCONS #FLUX #POTA-#POTB

where conda and condb are the region numbers of the conductors, and area-
a and area-b aretheregion areas, to be inserted as appropriate.

Axi-symmetric Problems

For an axi-symmetric problem, solved in 2-dimensions, the flux linking a loop
radiusais:

6=2n r=a

o = J. j B,r drdo

0 :ao r=0 (65)
= Zn.[ B,rdr
0
a
Since curl (A)=B, and only Aq is present (i.e.j B,r dr = rAy), then:
0
¢ = 2nr Ag(a) (6.6)

If acail is made up of anumber of filaments and has aturn density of n, then the
mean flux linkage is given by:

|
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O = J.nq) dr dz (6.7)

coil area

For acoil with uniform turns density, in terms of the vector potential Ag, the mean
flux linkageis:

!
® = [ 2nrag drdz (6.8)

coil area

The OPERA-2d commands to do this would be:

1.  With an axisymmetric solution, where the solution typeis VECTOR
POTENTIAL (i.e. Ag)

INTA REGl=cond REG2=cond COMP=2*PI*R*POT/#A

2. With an axisymmetric solution where the solution type is modified rA (i.e.
r*Ag)

INTA REGl=cond REG2=cond COMP=2*PI*POT/#A
Where cond isthe region number of the conductor, and #A is the area.

Note that the solution type modified rA gives the best results for all types of
axisymmetric geometry.
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Particle Trajectory Intersectionsin OPERA-2d

Thefollowing describesthe sequenceto create trgjectory intersectionswith aline:
Display the model solution as required.

Select the tracks file using
FIELDS!
Trajectories — Display — Select Track File

and select the appropriate file.

Display the trgjectories on the model using
FIELDS!
Trajectories — Display — Display trajectories
Define the intersection line. The local coordinates and appropriate angles should
be chosen
FIELDS!

Trajectories — Display — Display intersections...options

and then Intersection line and define thisintersection line by its end coordi-
nates.

To plot agraph of current density crossing theintersectionline, select XY default
or AXI default followed by Display intersections.
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External Circuitsin OPERA-2d

I ntroduction

Many electromagnetic devices are operated while connected to a voltage driven
electric circuit. For dc operation itisusually quite simpleto determinethe current
that will be carried by the coils, as this will only depend on the resistance of the
winding and any external resistive circuit elements. However, under timevarying
conditions, the inductance of the coil and external circuit may also be significant
and can be time dependent due to magnetic saturation and eddy currents. Conse-
guently, the current in the coil will not be known. To allow problems of this nature
to be solved OPERA-2d supports external voltage driven circuitsin the AC, TR
and RM solvers.

A simple external circuit

Figure 6.1 shows the circuit diagram for the simplest combined external circuit
and finite element problem that can be solved in OPERA-2d.

LEXT R - - - == === ~

— ST A \

+ | RFE (RD(+RH) |
|

Qv =17 |

| o l

t I

\\ _ /

OPERA-2d

Figure6.1 Simple external circuit

The voltage supply, V, is connected to the circuit in the OPERA-2d model via a
series external resistance, Rgxt, and inductance, Lgxt. A series capacitance,

CexT1, may aso be included in the circuit. Specifying zero capacitance implies
that no capacitor exists rather than an open circuit. The circuit (or winding) in the
OPERA-2d model is al'so composed of a series resistance, Rgg, and inductance,

L. In the simplest case, the circuit is considered as being constructed from fila-
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mentary wires such that skin and proximity effectsin the turns are ignored. Wind-
ings, where these effects are important, are discussed later in this document.
Consequently, Rgg has two components— Rp ¢, the DC resistance of the winding,
and Rgc, the equivalent resistance of the eddy current circuits in the problem
referred to the series circuit. The user specifies the values for V, Rgx T, Lgxt and
Rpc, while the program computes the values of L g and Rec.

Circuit With a“GQO” Conductor

Figure 6.2 showsthe XY cross-section for asimple example of the“GO” conduc-
tor of a multi-turn coil above a conducting plate. The boundary condition at X =
0 of tangentia flux, implies that the “RETURN” conductor of the coil and the
return path for the eddy currents are in the symmetric image. If this coil is con-
nected to a step function voltage, the current in the coil will not rise immediately
toitsDC value dueto theinductance of the winding and the eddy currentsinduced
in the plate. The rise time can be determined using an externa circuit with the
transient (TR) solver.

UNITS
Length ‘mm
Fluxdensity T
Field strength : Am™
Potential $Wb m™*
Conductivity :Sm*

/ Source density: Am*
- Power ‘W
Force

Y [mm]

8.0
or N
Ener

ner 3
7.0 Mass kg

6.0

50| |

PROBLEM DATA
circ_L.tr
Linear elements
XY symmetry
Vector potential
Magnetic fields

40 |\

3.0
Transient solution
Time = 0.0001 s
1043 elements
555 nodes
4 regions

2.0

1.0

L1 L L L L Il L L
40 50 60 70 80 9.0 100 12.0
X [mm]

L L L
080 10 20 30

[[5Augases 17019 Pages ]

V- OPERA-2d

Pre and Post-Processor 7.002

Figure 6.2 Coil above a conducting plate

Themodel is created asfor anormal current driven problem with two exceptions:
the current density in the coil is assigned to zero, and the coil region isassigned a
conductor number achieved through the

MODEL |
Draw Regions — ...conductor data — Circuit label

|
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menu. For this model, the coil region isassigned conductor number 1. After mesh
generation, the user defines the externa circuit through the

MODEL |

Circuits — Define circuit

menu. Global parameters for the circuit are specified first via a table to be com-
pleted by checking options or supplying values.

Element Value Explanation

Circuit type Filamentary | Skin and proximity effects are not
included

Symmetry 2 Circuit currents return outside the
model

Length (XY only) |50 The coil is50 mm long inthe Z
direction

Peak voltage 15 Voltage applied to circuit, V

Phase angle 0 Used in AC solutions only

Resistance 0.02 Value of Rgxtin Q

Inductance 0 Vaueof Lgxt in Henrys

Capacitance 0 Value of Cgyin Farads (0= no
capacitance)

Initial voltage 0 Voltage on capacitance at time=0
sec. for TR/RM solutions (in Volts)

Following this, the program requests the el ements (conductor numbers) that build
up the circuit. In this model, only one conductor is specified.

[tem Value Explanation

Conductor number 1 The next series element to be
included in the circuit

Sense of conductor GO The current will flow into the plane
of the mode

Number of turns 150 The number of seriesturnsin this
conductor

Resistance/unit length  [0.0012 |Resistance of the wire used to con-
struct the coil (=1.2 mQ/mm)

The circuit is terminated by quitting from the input table. The values in these
tables determine the value of Rp¢ and the number of turns and length of the coil

is used to compute L zg and Rec.

]
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The circuit can be listed, and facilities are available to make corrections. When
the circuit has been entered correctly, the .op2 file for the transient analysisis cre-
ated specifying a step function drive for circuit 1.

Figure 6.3 shows the exponential rise of the current in the winding, displayed
using the new FILE — Graph data in file facility. Note that it approaches its
dc Value, V/ (REXT + RDC) =83.2mA.

UNITS
Current (mA) Length :mm
Flux density T
= Field strength : Am™
800 Potential Wb m*
Conductivity :Sm*
[ Source density: Am*
700 Power w
Force N
Energy 3
60.0 Mass ‘kg
50.0
40.0
PROBLEM DATA
30.0 circ_5.tr
Linear elements
XY symmetry
20.0 Vector potential
Magnetic fields
Transient solution
1001 Time = 0.0001 s
2806 elements
1450 nodes
L L L I 5 regions
086 10 20 30 2.0
&—4 Current in coil Time (msec)
Pre and Post-Processor 7.092

Figure6.3 Transient rise of current in coil from step voltage input

Circuitswith “GO” and “RETURN” conductors

In amode where there is no symmetry, it is necessary to include both the “GO”
and “RETURN” conductorsin the circuit. Figure 6.4 shows a modification to the
above problem with the coil positioned asymmetrically above the plate.

The“GO” part of the circuit isassigned conductor number 1 and the“*RETURN”
conductor number 2. The external circuit isdefined similarly asfor the symmetric
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/
( / UNITS
4 Length ‘mm

18/Aug/1999 17.

613Pages
OPERA-2d
and PostProcessor 7092

Pre

Figure 6.4 Asymmetric model

case except that “ Symmetry” isassigned to “1”, since no currents return outside
the model, and a second element must now be added to the circuit.

Item Value Explanation

Conductor number 2 Thenext dement to beincludedinthe
circuit.

Sense of conductor RETURN |The current will flow out of the plane
of the model

Number of turns 150 The number of seriesturnsin this
conductor

Resistance/unit length [0.0012  |Resistance of the wire used to con-
struct the coil (=1.2 mQ/mm)

Using “GO” and “RETURN?” conductors in this way, a complex winding (for
example, a distributed phase winding in an electrical machine) can be built up
from anumber of elements. Parallel conductors can also be included by assigning
the same conductor number to different regions of the model.

“Bulk” conductorsin external circuits

The previous examples used filamentary conductors — skin and proximity effects
in the turns were ignored and the current density in each turn of the coil is
assumed to be uniform. Some coils and circuits are constructed from more sub-
stantia pieces of conducting material where these effects may become important
—for example in large electrical machines or resistive accelerator magnets. Even
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windings that can be considered filamentary under “normal” operation can
exhibit these effectsif operated at very high frequency or with very fast transients.
Consequently, it can beimportant to include these effectsin the voltage driven cir-
cuit. Thismodifies the simple circuit defined above such that Rp ¢, which can be
computed from the user defined circuit parameters, is replaced by Rgy, the

“dynamic resistance” which is computed from the finite element solution and
includes the redistribution of the current within the conductor.

Figure 6.5 shows the asymmetric plate problem now driven from afour turn coil
with each turn having a 0.4 x 0.4 mm cross-section. In this example, the voltage
sourceis an AC supply at 10 kHz. As the skin depth of copper at this frequency
isabout 0.7 mm, some redistribution of the current in the coil is seen, shown by
the coloured contoursin the turns. Consequently, Rgy<Rpc and can be eval uated

from the power dissipation and current in the conductor.

/

Figure6.5 Asymmetric coil with bulk conductors

Setting up a problem with bulk conductors is similar to filamentary conductors.
Each region (or regions) representing the GO or RETURN conductor of each turn
is assigned a separate conductor number. Hence, in the above example, the con-
ductors have been numbered 1 through 8. The conductivity of each regionisaso
specified, as this will be used to determine the skin and proximity effects. When
the circuit is defined, the global parameter for “Circuit type” is set to “Eddy
Current”. The elements of the circuit are again defined using the conductor num-
bersand“GO” or “RETURN?", but the number of turns and resi stance/unit length
are not requested. It is assumed that the conductor represents asingle turn and the
resistance, Rgy, isdetermined within the finite element solution from the conduc-

tivity of the material and its volume.

|
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Accurate Resultsfor Stress Analysis

I ntroduction

Many electromagnetic devices introduce significant internal forcesin rigid mag-
netic or conducting bodies. To determine the effects of these forces OPERA-2d
includes SA, the Stress Analysis Program, which solvesfor static stressesand dis-
placements in plane stress, plane strain and axisymmetry. Forces may be deter-
mined from the electromagnetic analysis, but the module may also be used with
user-defined loads. The purpose of this note isto give guidance on how to obtain
the best results with the SA module.

TheFinite Element M esh

The Finite Element mesh consists of triangular elements with linear or quadratic
shape functions. A linear shape function assumes that the displacements at any
point in the element can be expressed as a linear function of the nodal displace-
ments. The quadratic shape function uses a quadratic function interpol ation of the
nodal displacements at any point in the element.

Like al Finite Element programs, the stress analysis solver is sensitiveto the ele-
ment aspect ratio. The aspect ratio isdefined astheratio of thelargest to the small-
est side of the triangular element. Elements of high aspect ratios must be avoided.
The aspect ratio should ideally be 1, although aspect ratios up to 10 have been
proven to perform well. The problems caused by higher aspect ratios relate to the
elements difficulty to represent local changesin stress and strain. I1I-conditioned
matrices may also result, which lead to a completely incorrect set of displace-
ments. With quadratic elements, oscillatory behaviour in the field representation
results.

Boundary conditions

External constraints such as zero displacementin X or Y (R or Z in axisymmetry)
or both can be applied to nodes or faces of aregion, hence facilitating the model-
ling of common stress analysis problems such as a simply supported beam or a
cantilever. In addition, different types of loading can be assigned to abeam. Point
loads are represented as a load applied to a single node, while distributed loads
are applied by selecting aface of aregion.
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The following section will concentrate on typical stress analysis problems. Prob-
lemsfor which simple analytical solutionsexist have been chosen for theanalysis,
to provide abasisfor comparison with results from OPERA-2d models of varying
discretisation strategies.

Example 1: Simply supported beam with distributed
loading

Theory The simply supported beam is 1m long, 0.1m in thickness and of unit depth. One
end of the beam is fixed with a PIN-type connection and the other end is fixed
with a ROLLER-type connection. A uniform load W/ unit length of 5 N/m is
applied aong the length of the beam.

The expression for the displacement in the Y-direction is

4 3
_ W 3 x Lx
V= 12EI(LX 2772 ) (6.9)

where:
E isthe Y oung’s modulus (in N/m?)

| is the second moment of mass (in m?)
L isthe length of the beam

x isthe distance from the PIN joint end of the beam to the point of measurement

The maximum displacement will occur at the mid-span and is equal to

4
Vinax = 3o = 26x10°°m (6.10)
The second moment of massis equal to
dh® 5 4
| = - 8.33x10 “m (6.12)

where:
d isthe depth of the beam

h is the thickness of the beam

|
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Model The model has one bottom end node constrained with zero movement in both X
and Y to represent the PIN type connection, while the other bottom end node is
constrained only in Y, hence representing the ROLLER type connection. A uni-
form loading was achieved by applying aload of (0,-5) N/m to the top face of the
beam, noting that the negative sign signifies adownward Y-directed force. A dis-
cretisation of 100x10 (Iength x thickness) subdivisions was chosen, resultingina
fine and regular mesh of unity element aspect ratio, as shown in Figure 6.6.

UNITS) 0 Sy JISPLAY FIELDS HODEL )

[ re r density: A=
04 W

N
J

kg

035

03

0.25—
©=L0OAD
#=CONS 02

X[m]

VF PC-OPERA

Pre and PostProcessar 7.035

Figure 6.6 Model of asimply supported beam showing regular mesh and
boundary condition definition

Solutions OPERA-2d post processing facilities include deformed shape plots, based on the
computed values of the displacementsin X and Y (DISPX and DISPY), asillus-
trated in Figure 6.7. In this model, the maximum value of DISPY occurs at mid-

span, as expected, and the computed figure of 2.7x10®m is in excellent agree-
ment with the value obtained using analytical methods, hence reflecting the qual-
ity of the mesh and assignment of correct boundary conditions. Thereistherefore
no need to further refine the mesh.
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MENU_COFF

UNITS
Length m
Fluxdensity T
Y [m] 045 Field strength A
. Patential Wh
Conductivity S
04 Source density. A m?
) Powvier W
Farce il
0.35 - Energy J
Mass ki
03
0.25 —
PROBLEM DATA
0oL SBWORKmodello sa
- Cuadratic elements
XY symmetry
Wector potential
0.15 - Magnetic fields
2000 elerments
0.1 4221 nodes
: 1 region
e au A A A
0.05 |; gg 33 E;;nnangmnnns “E

ifif HIW!U‘I!HI Il
! i

U.B_

Component: DISPY
Minimum: -2.6E-08, Maximum: 0.0, Interval: 2.0E-09

3%5; ,aia..:“sssss:E:'a ggaa%y

X [m]

\F PC-CPERA

Pre and Post-Pracassar 7.035

Figure 6.7 Simply supported beam defor mation under load showing a maximum
deformation at mid-span of 2.7x108m

Discussion on It is advisable to always construct regular meshes with aspect ratios ranging from
Aspect Ratio 1to 10, so asto avoid inaccuraciesin the solution. The combination of high aspect
assignment ratio geometry and el ements, together with the use of quadratic element represen-

tation can lead to oscillatory behaviour in field representation results. One such
example constructed was a simply supported beam 10 m in length and 0.1 m in
thickness, with adiscretisation of 10x25, resulting in a fine mesh along the beam
thickness but a crude mesh along its length.

In order to examine the Y-directed displacement along this beam, a line graph
extending from (0,0) to (10,0) of component DISPY wasdrawn, as shown in Fig-
ure 6.8. The displacement along the beam is seen not to increase smoothly with
distance away from the beam supports as expected, and the displacement in the
centre of the beam is not in agreement with the analytical predictions.
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OPTIONS} HENU_OFF

UNITS
Length m
Flux density  © T
-1.0E-06 Field strength : A m
Potential Wb
-2.0E-086 Conductivity S m
Source density: A m?
-3.0E-06 Piwaier “ W
Farce N
-4.0E-06 Energy J
Mass kg
-5.0E-06
-6.0E-06
-7.0E-08
PROBLEM DATA.
-8.0E-06 modelnew?. sa
Cluadratic elements
-9.0E-06 — XY symimetry
Yector potential
-1.0E-05 Magnetic fields
500 elements
-1.1E-05 1071 nodes
1 region
-1.2E-05 L L I ! | I ]
X coord 4.0 5.0 6.0 7.0 8.0 9.0 10.0
Y coord 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Values of DISPY

\F PC-OPERA

Fre and FostProsesser7.038

Figure 6.8 Variation of displacement along the length of a simply supported beam
computed from a finite element model, showing effect of incorrect aspect ratio
elements

Example 2. Cantilever carrying a concentrated load

Theory The cantilever is 1m long, 0.1m in thickness and of unit depth. A point force of
5N/m is applied at the centre of the cantilever, i.e. 0.5m away from the clamped
end.

The deflection at the point of application of load, a distance | from the clamped
end, may be expressed as

_w®

_ 12
VI T 3E (6.12)

resulting in afigure of 8.33x108m in this example. The maximum deflection for
such abeam may be computed using

2
_ W 1) _ _7
Vimax = —ZEI(L 3) = 2.08x10 m (6.13)

noting the variables:

E the Y oung’s modulus (in N/m?)
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| the second moment of mass (in m?)
| the distance from the load application point to the clamped side of the beam
L the length of the beam.

The equivalent model is set up in plane symmetry (plane stress) and has one side
clamped i.e. one face of the beam is constrained with zero movement in both X
and Y. A regular mesh was constructed with 50x25 subdivisions and a resulting
element aspect ratio of 5, as shown in Figure 6.9. A load of (0,-5) N/m was
applied at the top centre node of the cantilever model. Linear elements were
selected for the first analysis submission.

OPTIONS FIELDS,

Yiml 045—

04
0.35

03

0.25
©=LOAD
#=CONS 0.2

0.15

0.1

0.05;

0§

X[m]

Figure 6.9 OPERA-2d model for cantilever with point load

The deformed cantilever shape predicted by OPERA-2d is shown in Figure 6.10
with the maximum displacement occurring at the ‘free’ end of the cantilever as

anticipated, and reaching 2.0x10"'m. The predicted mid-span displacement is
8.13x10°®m. Both values are in good agreement with analytical predictions.

The results can be further improved by the use of quadratic element representa-
tion. The quadratic element solution yielded a maximum displacement of

2.1x10 'm, only marginally exceeding the analytical prediction.
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Theory
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TNITS} OPTIONS | MENU_COFF

UNITS
Length m
Fluxdensity T
Field strength A
Patential Wh
Conductivity S
Source density. A m?
Power W
Farce il
Energy J
Mass ki

¥ [m]
0.35

03

0.25 -

02—

o=LOAD 0.15
= CONS

PROBLEM DATA
YWCSBWORKiCanti1l sa
Linear elements
XY symmetry
Wector potential
Magnetic fields

2600 elerments
1326 nodes
1 region

0.

Component: DISPY
Minimum: -2.0E-07, Maximum: 0.0, Interval: 2.0E-08

\F PC-CPERA

Pre and Post-Pracassar 7.035

Figure 6.10 Deformed cantilever with displacement contours

Example 3: Thin disk with a clamped periphery and
distributed load

Thethin disk has a diameter of 22m and athickness of 0.2m. Note that the model
aspect ratio is high, and therefore care must be taken in defining the mesh. The

disk is clamped around the whole of its periphery. A distributed load of 2 N/m?is

applied to the disk.

The maximum deflection occurs at the centre of the disk and can be expressed as
4

_ pa
W = % (6.14)

where:
aistheradius of the disk (in m)

p isthe pressure applied on the disk (in N/m?)
D isthe flexural rigidity.

The flexural rigidity can be expressed as

|
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3
D = Eh

= — (6.15)
12(1-v)

where:
h is the thickness of the plate

v isthe poisson’ sratio.

Based on the dimensions given in the present example, the maximum deflection
valueis 2.08x10°m

The maximum stresses occur at r=aand z=+h/2. They are expressed as

2
= 4302 _ joarnm2

M max 4 h2 (616)

9

Themodel isset up in axisymmetry and hasits whole side at R=11 m constrained
in both R and Z (thisimplies an R,Z constraint all around the peripheral surface
of the disk). The mesh chosen is of 55x10 subdivisions, yielding an aspect ratio
of 10. The axisymmetric model set up is shown in Figure 6.11.

OPTIONS, MENU_OFF
UNITS
Length m
Flux density T
z [m] 08l Field strength At
: Patential Wh
Conductivity  © S m
06| Source density: A m=
: Pivier W
Force N
I Energy J
04 Mass kg
02—
00 1 1
o=L0OAD ‘ PROBLEM DATA
= CL-OISC-DL-Q.op2
*#=CONS -0.2 |- Quadratic elerments
Axi-zymmetry
04 Maodified R*vec pot.
It Magnetic fields
1100 elements
2331 nodes
06 - 4 regions
08|
00 T0 20 30 %0 50 60 70 B0 90 100
R [m]
16/Jul1999 16:08:39 Page 6
\F PC-OPERA
Figure6.11 Clamped disc model preparation in axisymmetry, showing effect of

insufficiently defined boundary conditions
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Results The maximum displacement value returned by OPERA-2d is 2.08x10™°m, in per-
fect agreement with the analytical prediction. However, the distribution and val-
ues of o, were wrong. The reason for thisis the lack of one boundary condition.
The model must be constrained so that the centre axis of the disc (at R=0) does
not move along the R-direction, hence creating a‘virtual hole’ in the model.

Revised Model A revised clamped disc model was prepared, with an additional boundary condi-
tion imposed, namely an R=0 constraint (i.e. no movement in the R direction)
applied along the side of the axis of rotation of the disc. The resulting displace-
ment remained unaltered, while the o, distribution was significantly improved.

The maximum value of o, returned from the revised OPERA-2d model is 4960

N/mZ2. This is in reasonable agreement with the theoretical value of 4537 N/m?
though it can be further improved by refining the mesh.
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Electromagnetic and Sress Analysisof an SRM

I ntroduction

Following the application note “ Accurate Results for Stress Analysis’ on page 6-
11 this note serves to introduce the user to more complex, so called “coupled
problems’, where results from an electromagnetic analysis are coupled to the
stress analysis module.

Themodel choseninthisinstanceisaswitched reluctance motor. The doubly sali-
ent, deeply saturated structure makes electromagnetic finite element analysis a
necessary tool for evaluation of the machine's performance. Stress analysis per-
formed on switched reluctance machines is important, as the pulsed nature of
torque production induces vibration (and hence acoustic noise).

This exampleillustrates the use of the pre and post processor with the statics and
stress analysis solvers. The method of transferring electromagnetic analysis
results to the stress solver, as applied to an electric motor, is given. Initially the
electromagnetic problem is solved. Theresults are read into the pre and post proc-
essor and examined before being transferred with additional mechanical informa-
tion to a data file for input into the stress analysis solver. The results of this
anaysis are then examined by further post processing.

Solving the Electromagnetic Problem

The modd of a simple 2-phase 4-pole switched reluctance motor, designed for a
high speed application, is shown in Figure 6.12. The back-iron width isrelatively
small compared to the stator pole width and this resultsin reduced stator stiffness
and hence more vibration.

In order to obtain an accurate electromagnetic solution, certain parts of the mesh
must be well refined, especially the air gap and the tips of the stator and rotor
teeth. The mesh in thisregion is shown in Figure 6.13.

|
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Examining the

solution

Version 8.5

UNITS
Length :mm
Fluxdensity T
Field strength : Am™
Potential ‘Wb m™*
Conductivity :Sm*
Source density: A mm”
Power ‘W
Force N
Energy 23
Mass tkg

Y [mm]

PROBLEM DATA
nSA_sha_angl90_new.sa
Quadratic elements
XY symmetry
Vector potential
Magnetic fields
Static solution
Scale factor = 1.0
10560 elements
21217 nodes

132 regions

24/Aug/2000 16:30:52 Page 37

Length tmm
Flux density :T
Field strength : Am*
Potential $Wb m™*
Conductivity :Sm*
Source density: A mm*
Power ‘W
Force N
Energy :J
Mass ‘kg

PROBLEM DATA
nSA_sha_angl90_new.sa
Quadratic elements
XY symmetry
Vector potential
Magnetic fields
Static solution
Scale factor = 1.0

10560 elements
21217 nodes
132 regions

Figure 6.13 Meshing at the poletips

The averagetorque produced by the motor, assuming a constant excitation current
(this can only be true at very low speeds) can be computed simply by evaluating
the change in co-energy at the 0° (un-aligned) and 90° (aligned) rotor positions.
In order to obtain the co-energy of the motor at each position, the area integral
command (INTA) is used, having set the component to HDB. The software com-
putes the H.B/2 and H.dB integrals from which the co-energy value can be

|
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extracted. The average torque produced by the motor was estimated to be 0.0525
Nm/mm stack length.

Figure 6.14 illustrates the field distribution at the 45° position. This is a high
torque producing position, as the rotor teeth tend to be pulled into alignment with
the excited stator teeth. The instantaneous torque at this position is expected to be
much higher than the average torque computed earlier. Instantaneous torque can
be readily evaluated be performing an arc integral (INTC) in the middle of the air
gap, acommand which returnsthe X and Y directed Maxwell stressforce and the
resulting torque about a specified pivot point. Thetorque at this position was com-
puted to be 0.139 Nm/mm.

UNITS
Length ‘mm
Flux density :T
Field strength : Am™
Potel Wb m*

PROBLEM DATA
\FinalModels\STangl45.st
ic

50.0 60.0
X [mm]

Component: BMOD |
6.62107E-06 1.656068 3.312129

V- OPERA-2d

Figure 6.14 Field pattern in a 2-phase switched reluctance motor

The 45° (overlapping) and 90° (aligned) positions will be examined further with
the stress analysis solver.

Entering the Mechanical Data

In order to mechanically characterise a motor, it is necessary to define the
mechanical material data constants for at least three materials, namely the stator,
rotor and coils. The following commands were used to define the stator:

MODEL |
Extra options — Stress/thermal materials — Define a
new material

Material number=3.
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The dialogue boxes with material datawere completed as follows:

Material name = Stator
Material type = Isotropic

followed by Young's modulus = 210e9 and Poisson’s ratio = 0.29

The same properties were assigned to Material Number 4 (Rotor) whereas Mate-
rial Number 1 (Coils) was assigned.:

Young's modulus = 120e9
Poisson’sratio = 0.29

Entering the The definition of appropriate boundary conditions really depends on how the
mechanical motor is fixed to its frame, and therefore many valid combinations of boundary
boundary conditions can exist.

conditions

In thismodel, the stator was mechanically fixed at 4 points around the outer edge,
behind the centre of each pole. The centre of the shaft was also constrained in both
X and Y. The condition was applied by selecting

MODEL |

Extra

options — Extra

conditions — Stress/thermal
boundaries — Constrained
in both

0
0.

with: Function for X or R
and: Function for Y or Z

selecting Pick nodes and clicking on the 5 points described above.

Alternative The geometry of the machine can sometimes be such that the constraint cannot be
boundary expressed simply with movementsin X and/or Y, asit could in the present model.
conditions (for In such cases a skew condition could be applied. A skew condition with a speci-
reference) fied angle can beinterpreted as aconstraint on specified pointslying on thisangle,

allowing these points to move radially but not azimuthally. The skew constraint
is also an aternative way to constraint points lying on the X or Y axis. For
instance, a skew defined as:

]
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MODEL |
Extra
options — Extra
conditions — Stress/thermal
boundaries — Skewed
constraint

with: Angle= 0

has the same effect as a Constraint in Y (=0) at the same point.

The stress analysis module requires data from the electromagnetic solution, rel at-
ing theloading of the problem to the finite element mesh, to be available astables.
The integrals of the Maxwell Stress on each element in the X and Y direction
(xnoaD and YLOAD) were created. As an example, the following created a Table of
X-directed forces on each element:

MODEL
Extra
options — Solution
tables — Make a
new table ...
. Options — Maxwell
stress X or R

and Return
followed by
Make a new table...
. Make table
completed with
Field component = pot
Table Number 1 = 1
Name = xload

X-derivative =

Y-derivative =

Unit expression =  FORCU/LENGU**3
Accept ‘ ’ Dismiss ‘

Note that the field component entry is actually irrelevant in this case, due to the
previous selection of the x-component of Maxwell Stress.
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Having al data in place, the .op2 file must be written to include the geometry,
mechanical materials and boundary conditions as well as the Tables of the Max-
well Stress Integrals. Thisis done by selecting

FILE |
Write File — Analysis Data

selecting the SA solver and opting for Plain Stress. Plain Stress assumes that the
lamination is a thin sheet which is not prevented from contracting in the normal -
Z - direction. Plain Strain would assume an infinite thickness, where each plane
parallel to the paper would be constrained to remain plane. Essentially, neither of
these two cases exist in isolation, so the calculation could be repeated with the
aternative choice, and the ‘worst case scenario’ used for design calculations.
Subsequently,

FILE |
Write File — Write Model

typing a suitable filename and clicking on the XLOAD and YLOAD Tables to
include them in the .op2 file.

Examining the Stress Analysis Results

Displaying the The excited stator teeth act as magnet shoes, pulling the rotor into a position of

resultsasa minimum reluctance. As the rotor moves towards alignment, forces of attraction

deformed mesh are acting on the excited stator and rotor teeth. In the aligned position, the two
bodies would still tend to close the gap that separates them, in an attempt to min-
imise the reluctance of the magnetic circuit. Therotor isthereforein tension while
the stator isin compression.

The deformation due to loading may be viewed using the deformed mesh feature.
To do this, the regions which need to be examined must be selected, and the dis-
placement vectors scaled. The following shows the options selected for a stator
deformation plot:

FIELDS |
Contour plot...Options

then

Select material
specifying Material Number 3.

followed by

]
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Standard plot (toggles to Deformed plot)
Deform options

The parameter box was completed by setting the x and y components to
DISPX*1le9 andDISPY*1le9 respectively. The multiplier used isbased onthe
minimum and maximum values of the displacement. Selecting

FIELDS |
Contour plot — Label style — No labels

and

No refresh(toggles to Refresh)

followed by

Execute

produces the result shown in Figure 6.15.

UNITS
:mm

Flux density T
Field strength : Am™
Potential ‘Wb m*
Conductivity :Sm”
Source density: A mm*
Power ‘W
Force N
Energy 23
Mass kg

PROBLEM DATA
SAangla5_new.sa
Quadratic elements
XY symmetry
Vector potential
Magnetic fields
Static solution
Scale factor = 1.0
10560 elements
21217 nodes

132 regions

24/Aug/2000 16:21:42 Page 31
V- OPERA-2d

Pre and Post-Processor 7.507

2.0E-11, Interval: 2.0

Figure6.15 Stator displacement (not to scale)
A similar plot can be obtained for the rotor (refer to Figure 6.16 below).

A contour plot of the values of displacement can aso be plotted. Figure 6.17 illus-
trates the values of DISPY in the aligned position, confirming the trends
described earlier: DISPY is negative in the stator (indicating a downward move-
ment) and positive in the rotor.

|
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UNITS
Length :mm
Fluxdensity T
Field strength : Am™
Potential ‘Wb m™*
Conductivity :Sm*
Source density: A mm”
Power ‘W
Force N
Energy 23
Mass tkg

PROBLEM DATA
SAangl45_new.sa
Quadratic elements
XY symmetry
Vector potential
Magnetic fields
Static solution
Scale factor = 1.0
10560 elements
21217 nodes

132 regions

V- OPERA-2d

Pre and Post-Processor 7507

Figure6.16 Rotor displacement (not to scale)

UNITS
Length tmm
Flux density :T

Field strength : Am*
Potential $Wb m™*
Conductivity :Sm*
Source density: Amm*
Power ‘W
Force N
Energy :J

\{ || Mass kg

PROBLEM DATA
nSA_sha_angl90_new.sa
Quadratic elements
XY symmetry
Vector potential
Magnetic fields
Static solution
Scale factor = 1.0

10560 elements
21217 nodes
132 regions

27/NovI2000 14:28:38 Page 4

_4_80/8}2E-11 : 9.37214E;1§ & V@j

Figure 6.17 Contoursof stator and rotor displacement in the aligned position

Component: DISPY
-1.8989E-10

Conclusion This Application Note has shown how OPERA can be used not only for the full
electromagnetic analysis of a switched reluctance motor, but through close cou-
pling of the ST and SA solver, also assessing the stiffness of the motor structure
and characterising its deformation behaviour under load.
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Power and Energy Calculation in AC Solutions

Power Calculations

If acurrent and voltage waveforms vary as.

i =1 sin(ot)

v = V sin(ot) (617)

then the power in the system is given by:

P(ot) = vi = Vlsin(ot)sin(ot—-f)
VI[cos(¢p) — cos(2mt —d)]
I

A—%cos(th —-0)

(6.18)

A- % cos(¢)cos(2mt) — % sin(o)sin(2mt)

A+ Bcos(2mt) + Csin(2mt)

Hence when wt=0, then

P(0) = A+B

T _
P(3) = A+

P(g) = A-B

The time average power is given by:

P(0) + P(g) v

tav = T 5 - A= 5 cos(9) (6.20)

(6.19)

U
I

Energy Calculations

Since non-linear materials are not modelled, in a magnetic circuit, B and H are
sinusoidal. Replacing thei and v with B and H, the same arguments follow, such
that the time average energy is given by:

|
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E0)+E[(Z
E.. = —(2) = A= ucos(q)) (6.21)

tav 2 2

General

P is the system variable POWER, and E is the system variable ENERGY, set
after the INTA command, and ot is set by the TIME parameter. Further applica-
tion notes are available under the relevant commands in the Reference Manual.
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| nductance Calculationsin OPERA-2d

In general, with non-linear materials where permeability is a function of field
strength, the inductance of a device will aso be a non-linear function of excita-
tion. The flux linking a single coil carrying acurrent | becomes:

|
(1) = ﬁj OL(i)di (6.22)
i =

(neglecting hysteresis effects), where @ isthe flux linking the coil, L isthe induct-
ance, and N is the number of turnsin the coil. .

Single Coil Problems- Linear Materials

In problems where there is only one coil, and no permanent magnets or external
driving fields exist, inductance can be calculated from the stored energy in the
problem. The energy is calculated using the area integral over al regionsin the
model, using the command: INTA REGl=1 REG2=*.

The inductance is computed using the expression (where E isthe energy and i is
the current in the cail):

E = %Li (6.23)

Multiple Coils—Linear Materials

Multiple coils make inductance calculations using energy much harder. Instead,
another method of calculating inductance uses the flux linking the coils (see for
example “Flux Linkage Calculationsin 2D Solutions’ on page 6-1).

The simplest method of calculating the flux is to calculate the difference in mag-
netic vector potential between one point in the “GO” section, and one in the
“RETURN?" section of the coil.

A better method would be to generate an average vector potential over both sec-
tions of the coil, using the areaintegral with component set to POT, and dividing
by the area of the region. The flux would then be the difference between these val -
uesin the two sections.

Using the flux, ®, and the current in the coail, |, the slf inductance can be calcu-
lated as:

|
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L= ~— (6.24)

A similar equation can be used for the mutual inductance, using the flux linking
one coil due to the flux generated by the current in another. This is calculated
using:

M, = — (6.25)

Using the solution to the model with one coil switched on will alow you to find
the self inductance of the coil, and the mutua inductance of other coils with
respect to that coil.

Multiple Coils—Non-linear M aterials

If you wish to use non-linear propertiesit is necessary to have a solution with all
coils a normal operating conditions. This gives the equation for the flux linking
coil 1 as:

Nltbl = Lyl +Mplo+ Mgl + o+ Myl (6.26)

for amodel with n-coils. Similar equations can be generated for @, etc. Note that
all the inductances will be functions of the currents.

The model must then be altered so that the current in any one of the coils is
changed by asmall amount (Al), saving the model, and generating a new solution
file (using restart run to speed matters up).

The small change should not grestly affect the field, but a small change of A®,
will occur for each coil. For example, for achange of Al4:

in'n
Np(@y+ADy) = Loly+ M, (I +Aly) + Myglg+ .+ Myl (6.27)

Ny (@ +AD,) = Ly(l3+Al) + Myl + Mygla+ ...+ My,

Hence taking the difference between equation 6.27a and equation 6.26, we can
calculate Lq:

N, AD,
Al

L, = (6.28)
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Equation 6.27b and equation 6.26 will give M54, and so forth. Modifying |, would
allow similar calculations for L, etc. Therefore, finding the self and mutual
inductance for al n coils requires n models to be solved.

This method can also be used if other energy sources are present, e.g. permanent
magnets or external driving fields, asit works on the basis of a changein field.

A changein energy calculation is possible but would require more solutionsto be
calculated, as only one piece of information is found from each model.
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Use of Command Scriptsto Calculate Fourier Series

It is possible to generate command scripts that will generate the different compo-
nents of a Fourier series. These commands scripts make use of the $ commands
specified within the Reference manuals and are applicable to both 2D and 3D
solutions.

Thefollowing is an example .comi file that cal culates the Fourier components of
POTENTIAL where the full period has been modelled. The commands are those
for OPERA-2d but can be easily transferred to 3D by using the LINE command
followed by aPLOT command within the main $ DO loop.

/ Set the number of Fourier components

SCONS #n 8

/ Set the line for the integral - for a straight line
SCONS #x1 0

$CONS #yl 0

SCONS #x2 10

$CONS #y2 0

/ Assume the line of integration covers

/ one whole period.

/ If the line only covers half a period -

/ set #symm to 2 and remove the odd or even

/ component from the fourier series (see later)
SCONS #symm 1

/ Get the length of the line and the fractional

/ distance along the line

/ If working on e.g. an arc section,

/ #T should be the total Angle subtended by the arc,
/ #X the fractional distance around this arc

SCONS #T SOQRT ( (#x2-#x1) **2+ (#y2-#yl) **2)

SPARA #X SQRT ( (x-#x1)**2+ (y-#yl) **2) / (#T*#symm)

/ Set the function to be analysed

SPARA #Fx POT

/ Set the component that will be integrated for each
/ component

/ Temporarily set #i

SCONS #1i 0

SPARA #Cosi Cos (2*PI*#I*#x)

SPARA #Sini Sin (2*PI*#I*#x)

/ Loop through each component

SDO #I 0 #n

/ Get the Cos Fourier components of the function #Fx
/ Not necessary if the function is 0dd

INTL #x1 #yl #x2 #y2 ERRO=128 COMP=(2/#T) *#Fx*#Cosi
SCONS #A%int (#I) INTEGRAL

/ Get the Sin Fourier components of the function #Fy
/ Not necessary if the function is Even

INTL #x1 #yl #x2 #y2 ERRO=128 COMP= (2/#T) *#Fx*#Sini
SCONS #B%int (#I) INTEGRAL

SEND DO

/ If #Fx is an Even function

SCONS #A0 #A0/2

]
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Theresults of this analysis will be the components of the Fourier series described
by
F(X) = ap+a,cos(2nxt) + a,cos(4nxt) + ...
. . (6.29)
+ b, sin(2nxt) + b,ysin(4nxt) + ...
or using the notation of the .comi file:
F(x) = #AO0 + #A1l*Cos (2*PI*#x/#T) + #A2*Cos (4*PI*#x/#T) + ...

.+ #B1*Sin (2*PI*#x/#T) + #B2*Sin (4*PI*#x/#T) + ...

The .comi file aboveisagenera purpose command file and must be modified for
use in the correct context. If only part of the model has been created within the
software, the commands above must be changed to reflect the partial nature of the
results of the integral command, i.e.

F(x) isan Odd Function: An=0
F(x) is an Even Function: Bn =0
Only 1/4 period: Even harmonics e.qg. A2, A4, B2, B4 are zero.
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Complex Material Properties

I ntroduction

The introduction of complex material propertiesin a.c. solutions can be a power-
ful tool for modelling the physical behaviour of a material. The effect of a com-
plex material property is to allow a phase difference between the two vector
quantitiesin the constitutive relationships:

B=pH
D=¢E
J=cE

The most commonly used of theseisacomplex u asamodd for hysteresis. This
has the effect of giving an elliptical relationship between magnetic flux density,
B, and magnetic field strength, H. For example, a material specified with arela-
tive permeability of 100 and a phase angle of 20 degrees (i, = 100 7 ®/9)) gives
aloop as shown. Complex permeability is available in OPERA-2d/AC.

- /
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~
6.0 -~ i
~ 7
4.0 ol P e
-
-
20 < = .
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0.0 I I I I I [
~
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-2.0 e - PROBLEM DATA
- Linear elements
40— Ve ~ XY symmetry
o Ve P ectol ntial
e ~
60~ ~ ~
7/ e

807 - =

—
— L I I 1 I I I
-0.1 -0.08 -006 -0.04 -0.02 0.0 002 004 0.06 008

— — Complex hysteresis loop H

[[Augases 17z paged ]
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Figure6.18 Typical hysteresisloop

Accessing Complex Per meability in OPERA-2d

There are two steps that must be taken to use complex p in the OPERA-2d AC
solver. Thefirst step is that the phase angle of the material must be defined. This

]
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is achieved in the BHDATA command, where the PHASE parameter specifies
the phase angle in degrees. Thisis found under

MODELY{
BH or DE Data — Complex phase lag

The second step is to request that the complex material properties are invoked in
the ac analysis. In keyboard mode, this is achieved under the SOLVE command

with the sub-command: DATA +CMU

Alternatively, switching complex permeability on and off is found as one of the
options on the ac analysis options menu, which is presented when Steady state
harmonic (AC) is chosen using:

FILE |
Write file — Analysis data menus

Complex permeability in non-linear problems

When complex permeability is used in non-linear materials, the choice of phase
angle can become difficult. As shown in Figure 6.19, choosing a single phase
anglethat is applied over the whole B vs. H characteristic can give very different
sized hysteresis loops. In fact, the hysteresis losses (and hence loop size) for a
material operating at a peak flux density of 20 kGauss and at 25 kGauss will be
nearly identical.

,
2000001~ i
noo
10000.0(~ ﬁ{‘ .
|
. 11
0.0f* g
. 1/ .
| - PROBLEM DATA
. - hist_test4.ac
L . (3 Linear elements
-10000.0 P ] XY symmety.
. - Vector potential
11 gnetic fields
) P W Cmplx mu ac solution
-200000 [ - PR ~ P aemena
' e 467 nodes
I I I | | 4 regions
-4000.0 2000.0 00 10000 2000.0 3000.0 40
H

—— BHCurve
— — Phase angle 20 degrees at 20 kGauss
- - Phase angle 20 degrees at 25 kGauss

A5 17505 Page 17 |

VF OPERA-2d

Pre and Post-Processor 7.092

Figure 6.19 Using different phase anglesfor different partsof the BH curve
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To obtain amore accurate solution, it isbetter to use several different phase angles
for different operating regimes on the curve. This can be achieved as follows.

1.  Runthe model non-linearly without complex permeability

2. Determinethe variation of peak flux density in the magnetic materials and
discretise into a number of ranges. The shape of the B vs. H characteristic
will dictate this discretisation but it is unlikely that all ranges will be equal.
For example, theranges (0—-0.5), (0.5-1.0), (1.0-1.2), (1.2-1.3), (1.3 -
1.35) and (1.35 — 1.4) Teslamay be suitable for a material that is not very
saturated.

3. Re-assign the materialsin the model so that a different material number is
used for the parts of the model that fall into each range of flux density.

4.  Run the new model non-linearly with complex permeability using the same
B vs. H characteristic for all materials but assigning a different phase angle
for each material number.

]
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Modelling of Asynchronous (Induction) Motors

OPERA-2d User Guide

I ntroduction

OPERA-2d and, in particular, the AC and RM solvers have been successfully
implemented for the modelling of asynchronous (induction) motors. The AC
solver is capable of accurately modelling the currents induced in the cage rotor,
resulting from the rotating 3-phase magnetic field generated in the stator. The
induction motor performance can be characterised at arange of rotor speeds and/
or stator winding excitation levels. Typical motor performance parameters such
as the variation of torque with dip frequency, induced rotor currents and associ-
ated power losses are readily computed in OPERA-2d AC. In addition, the Rotat-
ing Machines (RM) Solver, atransient eddy current solver, can be used to model
the rotational effects, hence predicting transient effects at start-up and torque rip-
ple.

OPERA-2d AC Model Preparation

In induction motors, the relative velocity between the rotor and the field on the
stator is called dlip, s, and torque production is heavily dependent on it. The dif-
ference between the rate of rotation of the stator-produced magnetic field and the
rotor is called slip speed and effectively, this can be thought of as the rotational
frequency at which the stator-produced rotating field cuts therotor bars. Thisphe-
nomenon can be successfully modelled in OPERA-2d, by setting the exciting sta-
tor field to rotate at the dlip frequency, rather than the true AC frequency

Current or voltage driven motors can be set up in OPERA-2d. The preparation of
acurrent driven problem can perhaps require some pre-modelling calculations on
the user’s part. Typically, the user will hold data on the rated current and winding
configuration (star or delta, number of coils per phase, number of phasesin each
dot etc.) and must translate that to user-defined conductor regions of designated
current densities. Current excitation is catered for within the Region Material
Properties. Voltage driven coils can be defined using the External Circuit
options.

External Circuit data consists of power supply characteristics (voltage, phase), a
series external lumped resistor, inductor and capacitor (which may or may not be
associated to internal power supply characteristics), the length of the circuit and
the OPERA model conductors (i.e. stator coils) which the circuit is connected to.
Conductors attached to external circuits are appropriately labelled using the Cir-
cuit Label option. Lumped resistance and inductance values (externa to the
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FEA model) can be included in the Circuit definition to account for elements not
catered for in the two-dimensional model, such as the stator end winding resist-
ance and leakage inductance. Rotor bar connections can also be modelled in a
similar fashion. Rotor bars shorted by an end ring are assigned the same circuit
label and the total current fixed optionisused.

In the AC code, the use of the dip frequency requires further adjustments to be
made to any external circuits which may be attached to the motor. The use of the
slip frequency to drive the model resultsin values for variables such as the back-
emf which are reduced by the ratio of dlip frequency (fdip) to synchronous fre-
guency (fsync). This can be remedied by scaling the length of the circuit (in the
External Circuits section). However, the resistance per unit length must then also
be adjusted, such that the true circuit resistance value is maintained. End region
inductance figures will also need to be adjusted for solutions at different speeds.
The following is an example of such a calculation for a 4-pole, 60 Hz induction
motor:

Motor Data

Synchronous speed = 1800 rpm (equivalent to 60 Hz)
Rotor speed = 1740 rpm

Slip speed = 60 rpm

Slip frequency = 2 Hz

Data for a solution at starting (fslip=fsync)

R/mm = 1.4815 E-05 Ohms/mm (true value)

Machine length = 95 mm

End winding length = 270 mm

End winding resistance (lumped value) = 0.004 Ohms

Hence, Resistance/ turn = (1.4815 E-05 * 95) + 0.004 = 0.0068 Ohms

Data for asolution at 1740 rpm

Machine length = 95 * 60/ 2 = 2850 mm(back-emf adjustment)
R/mm = 1.4515 E-05* 2/ 60 = 0.04938 Ohms/mm
Hence, Resistance / turn = 0.0068 Ohms

Note: Lumped resistor values need no adjustment.

Figure 6.20 illustrates the mesh of a4 pole induction motor. Fine discretisation is
applied to the stator and rotor pole tips as well as the air-gap, where significant
MMF is dropped.

The air-gap of the machine should have at least 3 layers of elements and should
preferably be constructed from H or Q typeregions. Figure 6.21 *homesin’ onthe
gap region of a6-pole, deep dot fractiona slot winding induction motor. The alu-
minium rotor bars are also finely discretised, in order to correctly capture the
induced eddy currents.
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UNITS
Length tmm
Flux density
Field strength : Am™
Potential :Wb m*
Conductivity :Sm*
Source density: A m*

‘W

Force N
Energy 3
\SR4 : Mass kg

VAN <IN
R RS
SRRBER R
KL R
X

T

7
A

et
PRy
55 PROBLEM DATA
K halfv_DYNA_leak.op2
KA Linear elements
X v
BROORRRER KK iz XY symmetry.
OISO 55 Vector potential
VNSRS PORL Magnetic fields
AV 11416 elements
2 5765 nodes
46 regions

21Marl2000 05,2621 Page 20

VW OPERA-2d
e Frosssr 500

Figure6.20 A 4-poleinduction motor model

UNITS
Length Tmm
Flux density T
Field strength : Am*
Potential ‘Wb m*
Conductivity :Sm*
Source density: A mm*
‘W

Power

Force N
Energy )

Mass kg

PROBLEM DATA
tualRes2\FullDatal in.op2
Linear elements
XY symmetry
Vector potential
Magnetic fields

48968 elements
24593 nodes
393 regions

17/Mar/2000 17:09:21 Page 12

VF OPERA-2d

Pre and Post-Processor 7.502

Figure6.21 Mesh discretisation in the air-gap of a 6-pole machine

Sample Post Processing facilitiesfor OPERA 2d AC
Solutions

Figure 6.22 illustrates a plot of vector potentia in a4-pole induction motor, from
which the user can readily identify that the correct 4-pole field has been set up by
the Circuits definition.

|
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The current density in the aluminium sots can aso be plotted, and the current
flowing down each slot can be evaluated by performing a surface integral of the
current density over the selected aluminium regions.

Theforces acting on the rotor, aswell astorque, can be computed accurately with
special built-in functions such asthe Maxwel | Stress Integral. Thefollowing com-
mand computes the X-Y force components acting on the surface of the rotor, as
well as the resulting torque around the specified pivot point.

INTC TIME=TAVERAGE

INTC RAD=59.8, P1=0, P2=360, XC=0, YC=0, ERR=5000

giving the following output:

Integration from 0.0 to 360.0 around (0.0 ,0.0 )
Radius: 59.8 , Number of steps: 5000

Steady State Ac TIME=TAVERAGE

Integration accumulator set to zero.

Integral of x-component of Maxwell stress = -2.3225E-04
Integral of y-component of Maxwell stress 4.81375E-04
Integral of torque around (0.0 ,0.0 ) 203.0109637
Integral of POT 0.0

The line integral describes a circle around the rotor, half-way along the air-gap
between the stator and the rotor. The resulting torque figure of 203 Nm/m, which
for the present machine of 95 mm trandates to 19.285 Nm. This figure is very
close to the machine rated torque of 20.88 Nm. The discrepancy is attributed to
end winding inductance effects which cannot be modelled completely with two-
dimensional software.

In order to compute the current loss in the rotor circuits the following commands
are entered:

CONT COMP=J**2/SIGMA,
INTAREA TIME=TAVERAGE,
INTA REG1=40,REG2=40

Resulting in the following report:

Integration over region 40

Steady State AC TIME=TAVE

Total current (integral J ds)
Integral of potential (integral A ds)

1]
H O w o o

Stored energy/unit length (integral A.J/2 ds) .3027E-14

Stored energy/unit length (integral B.H/2 ds) = 0.00157132

Power/unit length (integral (J**2)/sigma ds) = 1.22667

Force/unit length (integral JxB ds) = (1.037E-07,8.157E-07)
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UNITS
Length :mm
Fluxdensity T

Field strength : Am"
Potential ‘Wb m*
Conductivity :Sm*
Source density: Am*
Power ‘W
Force N
Energy 23
Mass kg

PROBLEM DATA
EC_halfV_DYNA_leak.ac
Linear elements
XY symmetry
Vector potential
Magnetic fields
AC solution
Frequency = 2.0 Hz
11416 elements

5765 nodes

46 regions

Component: POT (TIME=0.0) 17/Marf2000 16:49:56 Page 4

-0.0179541 -1.8626E-09 0.017954 e
—— %\ 1\( W OPERA-2d
Pre and Post-Processor 7.502

Figure 6.22 Vector Potential variation in the 4-pole induction motor

Integral of J**2/SIGMA = 1.22667E+09
OK

Notethat here, the component setting to J**2 /SIGMA was superfluous, and was
shown for illustration purposes. The integral of J**2 /SIGMA isone of the pre-
set integrations carried out by the program each time INTA is executed. The soft-
ware returns avalue of 1.22667 W/mm which, for the present machine length of
95 mm, translates to 116 W.

Obtaining OPERA 2d RM Solutions

Transient effects such us the build-up of current in the machine under a locked
rotor can be modelled using the transient solver TR. A current or voltage wave-
form can be defined, and the field distribution at different times examined. The
complete motor performance characterisation, including the effects of rigid body
rotation, can be realised by the use of the Transient Rotating Machines Solver
RM. Certain guidelinesin the model preparation are to be observed when the RM
solver isto be employed:

1. TheRM Code requires an RM Air Gap Region. A single Air Gap region is
defined automatically by the software, following a user prompt which must
include the average radius inside the RM Air Gap.

2. If model symmetry is exploited, the symmetry number (2 for a 180 degree
model, 4 for a 90 degree model, -4 for a 90 degree model with negative
symmetry) is entered in the RM Region Gap data. The software will auto-
matically apply the appropriate boundary conditions.
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3.  Whenusing the RM Code, the true value of frequency of the exciting stator
field must be used. The speed of the rotor can also be entered as a separate
parameter.

4. Theuse of the true exciting frequency for the stator windings renders
unnecessary any adjustments made to the Circuits definition.

The RM Code is a transient analysis Code. Initial machine transients brought
about when a current surge or a voltage is applied at the terminals of the motor
can therefore be successfully examined. The examination of the complete
machine response as a function of time, up to the steady state operation requires
the running of the motor model under examination for a sufficient time period,
which istime constant dependent. The specification of many output times has lit-
tle effect on the computation speed though it does result in amuch larger solution
file.

Thelength of the time step which the software uses between each solutionsis cru-
cial to good convergence and computation times. In general, it is difficult for the
user to assess the correct time step for any model. It is therefore considered good
practice to choose the ‘ adaptive time step’ option, especially in the early stages of
simulation. The software continuoudly reports the length of the time stepsiit is
using as it progresses through the solution, and these can be recorded by the user.

Asthe software converges on the use of a(relatively) fixed time step, the user can
stop and restart (or run further simulations) using the time step previously
observed. It isimportant to stop the simulation soon after an ‘ output time’, so that
no computing time is wasted.

]
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Current Diffusion From a Superconductor

Example

This application note describes how to use OPERA-2d to model the diffusion of
current from superconducting filaments to the surrounding resistive material.

Physical description of the model

When a superconducting filament becomes resistive, the current will spread from
the filament to the surrounding resistive material. This can be simulated by solv-
ing the diffusion equation, in order to model eddy currents that flow to resist the
changein the field distribution.

A transient OPERA-2d analysis can be used to model the effects of a change in
material conductivity. An initial solution must first be created with the current
flowing in the filament. A restart case can then defined and a transient anaysis
performed which will model the diffusion of current from the filament.

The following figures show the results from the analysis of asingle conductor in
a surrounding aluminium resistive material. A fixed current initially flowsin the
conductor, see Figure 6.23, and the conductor becomes resistive at atime of 1 sec-
ond. The figures show the diffusion of current after that time, the total current
remains constant.

Length mm
Flux density :T
Field strength : Am*
Potential :Wh m*
Conductivity :Sm*
Source density: Am”*
Power W
Force N
Energy :J
Mass tkg

PROBLEM DATA
trir.tr
Linear elements
XY symmetry
Vector potential
Magnetic fields
Transient solution
Time =1.001 s
4132 elements
2087 nodes
7 regions

Figure 6.23 The model - Aluminium (red), Conductor (blue)
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Setting up the models

OPERA-2d does not expect arestart calculation to be performed using a different
conductivity, in addition it cannot solve for a DC starting case where the super-
conductor has zero conductivity. The following steps are therefore required to set
up the models:

Initial solution The superconductor ismodelled with a high conductivity compared to the alumin-
ium. In the example shown above the conductivity of the aluminium was 10 &

m and the superconductor was initially defined with a conductivity of 10X S/m.
The regions representing the conductor and aluminium were given a conductor
label and the integral current constraint was applied to them all so that the total
current will remain constant (region parametersN=1 SYMM=1). Theintegral cur-
rent constraint is applied through the GUI with the following path:

Model |
Modify
regions — Modify
region — Pick
region — Conductor
data — Total current
unlimited

which will then toggleto Total current fixed.

The current density in the conductor must be asc and in the aluminium it must
be asa where a is a constant, chosen to give the required total current (thisisa
restriction applied by OPERA-2d to conductors in the same symmetry group with
an integral current constraint, the voltage required to drive the current in the dif-
ferent materials must be the same).

The model isthen stored for transient analysis, with a DC drive and a single out-
put time point at 1 second, and the solution calculated by running the transient
solver.

Creating the modédl to examine current diffusion

Theinitial solution can then be read into the OPERA-2d pre processor. The con-
ductivity of the superconductor regions should be changed to its resistive value.
The current density for both the aluminium and conductor regions must be
adjusted to give the same tota current, used for the initial solution, and with the
correct ratio between the values required for the new value of conductivity, for
example

]
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$CONSTANT
$CONSTANT
$CONSTANT
$CONSTANT
$CONSTANT
$CONSTANT
$CONSTANT

MODI REGl=
MODI REGl=

#Aa Cross_sectional area of Al
#Ac Cross_sectional_area_of_Sc
#Sa Conductivity of Al

#Sc New_Conductivity of Sc

#I Required_total_current
#JA #I/ (#Ra+#Ac*#Sc/#Sa)

#JC #JA*#Sc/#Sa

1 REG2=1 DENS=#JC SIGMA=#Sc

2 REG2=6 DENS=#JA !

Chapter 6 - Application Notes

! updating the superconductor
updating the Al regions

Modifying the data removed the solution, this can be restored by typing

READ CASE=1

Thisisrecognised asaspecial optionin OPERA-2d, only the solutionisread from
the model that was last used. The data should now be stored for atransient, restart
analysiswith DC drive and time output from 1 second onwards (or whatever time
was used for theinitial solution).

Why does thi

swork

Therestart transient solution startsfrom afield and current distribution that came
from the conductivity values used for the initial solution. Thisis not the steady
state current distribution that corresponds to the new values of conductivity, the
diffusion of the current towardsthese steady state valueswill be calcul ated.

Component: J
-1.7025E+08 4.9589E+09

Flux density :T
Field strength : Am*
Potential ‘Wb m*
Conductivity :Sm*
Source density: A m”
Power W
Force N
Energy J
Mass :kg

PROBLEM DATA
trtr.tr

Linear elements
XY symmetry
Vector potential
Magnetic fields
Transient solution
Time =1.001 s

4132 elements

2087 nodes

7 regions

Erererry|
V_OPERA-2d

Pre and Post-Processor 7.1

1.00881E+10

Figure6.24 Contoursof current density at t = 1.001 seconds
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Length ‘mm

Flux density :T

Field strength : Am*

Potential ‘Wb m*

Conductivity :Sm*

Source density: A m”
W

Power

Force N
Energy J
Mass kg

PROBLEM DATA
trtr.tr

Linear elements
XY symmetry
Vector potential
Magnetic fields
Transient solution
Time =1.02s

4132 elements

2087 nodes

7 regions

VF OPERA-2d

Pre and Post-Processor 7.1

252q3E+09 5064E+09

Figure 6.25 Contoursof current density at t = 1.02 seconds

UNITS

Length mm
Flux density :T
Field strength : Am*
Potential tWbm*
Conductivity :Sm’
Source density: A m*

0 W
Force N

Energy N
Mass kg

PROBLEM DATA
trtr.tr
Linear elements
XY symmet
Vector potential
Magnetic fields
Transient solution
Time=11s
4132 elements
2087 nodes
7 regions

VF OPERA-2d

Pre and Post-Processor 7.1

65698E+09 3.31316E+09

Figure6.26 Contoursof current density at t = 1.1 seconds
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Length ‘mm

Flux density :T

Field strength : Am*

Potential ‘Wb m*

Conductivity :Sm*

Source density: A m”
W

PROBLEM DATA
trtr.tr

Linear elements
XY symmetry
Vector potential
Magnetic fields
Transient solution
Time=15s

4132 elements

2087 nodes

7 regions

Component: J
24586340.0 4.09319E+08 7.94052E+08
¥ VF OPERA2d

Pre and Post-Processor 7.1

Figure 6.27 Contoursof current density at t = 1.5 seconds
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Plasma Free Surface Emitter in 2D

This exampleis showing some features of the plasmaemission model in OPERA -
2d/SP. It’'s a simple structure with a few controlling electrodes and an anode.
Thereis arotational symmetry, and therefore it can be modelled in 2D axi-sym-
metry.

Figure 6.28 shows the simple structure. The emitter is in the lower part of the
model, and the electrons are travelling upwards towards the anode. The trajecto-
riesare calculated only infree space. Assoon asaparticle hitsany material, it will
stop. In most cases the anode is being used to stop the beam.

Z [mm]

5.0 ¢

Y | I
%80 50 100 200 30.0 200 50.0 60.0

Figure 6.28 2d model of asimplerotational structure

We assume that the plasmamostly exists below Z=0 and that the emission surface
will be somewhere in the cone-shaped opening in the electrode above the plasma
(0<Z<2), seeFigure 6.29. Note that the shape code of region 1isset to Q, which
will give aregular mesh.

The emitter is specified by giving acurve (in this case, astraight line) that will be
anchored at its first point but is free to move until a self-consistent solution is
obtained. By self-consistent, what we actually mean is that the normal electric
field to the emitter surface remains constant along the surface. Figure 6.30 shows
the contours of EMOD and the trajectories, where it is seen that although the sur-
face has a constant normal electric field, it is not at a constant value of EMOD.
Figure 6.31 shows contours of EZ and the trajectories.

]
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Z [mm]

\ /\ UNITS
Length mm

Flux density :Cm’
/ ||Fietd strength :v m*
Potential

Conductivity
Source density

ower :
/\ / /|| Force
Energy

\ / /N || mass
\

PROBLEM DATA

—X plasma_2d.sp
N/ \/ \ \ Linear elements

1.0

Scalar potential
Electric fields
Static solution
Scale factor = 1.0
3729 elements
2037 nodes
3 regions

T97U/2000 112651 Page 43

VW OPERA-2d
e Frosssr TROT

Figure 6.29 Emission surface
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Z [mm] 22
2.0
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——

Length mm
Flux density :C m*
Field strength :V m"*
tential
Conductivity S m"
Source density : microC m”
W

PROBLEM DATA
plasma_2d.sp
Linear elements
Axi-symmet
Scalar potential
Electric fields
Static solution
Scale factor = 1.0

3729 elements
2037 nodes
3 regions

%80

Component: EMOD
?400.0

0.4

0.8 12 16 2.0 24

2650.0 2900.0,
I

2.8 2

3.
R [mm]

97302000 112438 Page 42

VW OPERA-2d

Figure 6.30 Contoursof EMOD and emission surface

OPERA-2d User Guide

January 2002



Plasma Free Surface Emitter in 2D

Radial
component of
velocity

Version 8.5

6-51

2al| |l
Zm |
20 ‘ |
vafl| ||

1.6 |

14 ‘

1.2 ‘ |
1.0
0.8
0.6
0.4

0.2

PROBLEM DATA
plasma_2d.sp
Linear elements
Axi-symmetry
Scalar potential
Electric fields
Static solution
Scale factor = 1.0

3729 elements

2037 nodes

3 regions

080

Component: EZ
-2400.0

0.4
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Figure 6.31 Contoursof EZ and emission surface

The particles are initially starting from a straight line, and all particles initially
have only a z-component of the velocity (the x or r-component of the velocity
being zero). At the end of the iteration process the emitter will have a curved sur-
face, and therewill be avelocity intheradial direction. Figure 6.32 showstherel-
ative radial component (VELX/#VELMOD) of the velocity. Mostly the radial
component is about zero (which is why it appears to be emitted from a constant
EZ contour) but at the outer edge the radial velocity at the start of the track isneg-

ative,

The absolute value of the velocity has been specified with the expression

SPARA NAME=#velmod, VALUE=sqrt (velx**2+vely**2+velz**2) .

The files required to experiment with this example are on the distribution CD:
plasma_2d.op2 and plasma_2d.emit.

OPERA-2d User Guide



6-52 Chapter 6 - Application Notes

24 UNITS
Z [mm] Length mm
.2 Flux density :Cm*
Field strength :V m*
Potential v
2.0 Conductivity :Sm*
/|| source density : microC m*
ower w
18 /|| Force N
Energy J
16 Mass kg
14
1.2 /
| | PROBLEM DATA
10 R il plasma_2d.sp
Linear elements
08— Axi-symmetry
- Scalar potential
/ Electric fields
0.6 / Static solution
/ Scale factor = 1.0
/ 3729 elements
04 / 2037 nodes
3 regions
0.2~
0.0k 1 1 1 1 1 1 ! !
80 0.4 0.8 12 1.6 2.0 24 28 3.2
R [mm]
Component: VELX/#VELMOD
0.627729

- -0.258271 0.111188 ————
[ | | V- OPERA-2d
e Frosssr TROT

Figure 6.32 Relativeradial component of the velocity
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Chapter 7
A Transformer Example

| ntroduction

The transformer example models a step-down transformer. It has a primary and
secondary winding and an E-1 shape core. Since OPERA-2d modelsatwo dimen-
sional cross-section of an object, the transformer is assumed to be infinitely long
in the 3rd dimension i.e. no end effects may be calculated. This is a reasonable
assumption for this type of device, provided the yoke does not saturate.

The OPERA-2d pre and post processor provides a variety of sophisticated tools
to simplify the modelling process. Some of these will be introduced in this exam-
ple. In this case, the complete cross-section will be modelled using simple meth-
ods of construction. Seven regions will be used to create the model as shown in
Figure7.1.

Figure 7.1 The complete model

]
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Pre Processing - Building the M odel

Entering the Pre and Post Processor
Start the pre and post processor in the usual way.

When the pre and post processor starts adefault set of (Sl) unitsis available. The
user can change the default units to amore appropriate set of unitsif required.

The most convenient length units for a small transformer are centimetres. The
length units can be changed from metres to centimetres as follows:-

click on

UNITS |
Length unit — Centimetre
Length unit — Return
Return

The scale displayed on the axes will still be shown as being in metres instead of
centimetres. Thiswill be changed to the current set of units, i.e. centimetres, next
time the axes are redrawn.

Thereis also adefault axis size of 10 units high (YY) and 10 units wide (X), with
a 1.1 aspect ratio. The X axis may be longer than 10 units due to the aspect ratio
of the graphics window. The display area may be changed to alow the entire

transformer to be displ ayedl. To do thisclick on

DISPLAY |
Axes limits

and complete the box as shown below.

1. Thenew axissizesshown here also provide a 1:1 aspect ratio. However, any other
aspect ratio may be specified

|
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Display Axes Limits

Horizontal axis

Left ] 0 ‘

Right ] 40 \
Vertical axis

Bottom ’ 0

Top ’ 40 ‘

Select the Accept button when it is complete, followed by:

DISPLAY |
Refresh

The graphics display will be redrawn with the correct set of units and axis dimen-
sions. The size of the axes may be changed at any time without affecting the
model (other than the way it is displayed in the graphics window). The units can
also be changed at any time, without affecting the true size of the model.

Theunitsare now set correctly and construction of the model can begin. Each part
is made up of one or more regions.

Drawing the Model Geometry

Thefirst region to be drawn isthe“E” part of the core. Since there were no exist-
ing points, an initial X, y coordinate of (0,0) will be used followed by relative
movesin thex andy directions. The material characteristic will be changed from
air (the default) to steel later in the tutorial, using the region modification. To
begin drawing the region select

MODEL |
Draw regions — New region ...
. Polygon — XY input
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and complete the dialog box as shown below.

X coordinate = 0

Y coordinate = 0

Line curvature = 0

Subdivision = 1

Bias = 0.5
Accept ‘ ‘ Dismiss

When compl ete, select Accept. Continue with the polygon definition by selecting
the x and y moves as follows

Draw regions — New region ...
. Polygon — X Move

X displacement = 40
Line curvature = 0
Subdivision = 20
Bias = 0.5
Accept ‘ ’ Dismiss

Draw regions — New region ...
. Polygon — Y Move

Y displacement = 27
Line curvature = 0
Subdivision = 14
Bias = 0.5
Accept ‘ ‘ Dismiss

Draw regions — New region ...
. Polygon — X Move

X displacement = -6
Line curvature = 0
Subdivision = 4
Bias = 0.5
Accept ‘ ’ Dismiss

|
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Draw regions — New region ...
. Polygon — Y Move

Y displacement = -21
Line curvature = 0
Subdivision = 11
Bias = 0.5
Accept ‘ ‘ Dismiss

Draw regions — New region ...
. Polygon — X Move

X displacement = -4
Line curvature = 0
Subdivision = 4
Bias = 0.5
Accept ‘ ’ Dismiss

Draw regions — New region ...
... Polygon — X Move

X displacement = -4
Line curvature = 0
Subdivision = 4
Bias = 0.5
Accept ‘ ‘ Dismiss

Draw regions — New region ...
. Polygon — Y Move

Y displacement = 21
Line curvature = 0
Subdivision = 11
Bias = 0.5
Accept ‘ ‘ Dismiss
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Draw regions — New region ...
. Polygon — X Move

X displacement = -12
Line curvature = 0
Subdivision = 6
Bias = 0.5
Accept ‘ ‘ Dismiss

Draw regions — New region ...
. Polygon — Y Move

Y displacement = -21
Line curvature = 0
Subdivision = 11
Bias = 0.5
Accept ‘ ’ Dismiss

Draw regions — New region ...
... Polygon — X Move

X displacement = -4
Line curvature = 0
Subdivision = 4
Bias = 0.5
Accept ‘ ‘ Dismiss

Draw regions — New region ...
. Polygon — X Move

X displacement = -4
Line curvature = 0
Subdivision = 4
Bias = 0.5
Accept ‘ ‘ Dismiss
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Draw regions — New region ...
. Polygon — Y Move

Y displacement = 21
Line curvature = 0
Subdivision = 11
Bias = 0.5
Accept ‘ ‘ Dismiss

Draw regions — New region ...
. Polygon — X Move

X displacement = -6
Line curvature = 0
Subdivision = 4
Bias = 0.5
Accept ‘ ’ Dismiss

Draw regions — New region ...
. Polygon — Close Polygon

Subdivision = 14

Line curvature = 0

Bias = 0.5
Accept ‘ ’ Dismiss

Region 1 isnow complete and is shown in Figure 7.2.

The“I” part of the core will be drawn as Region 2. Two points are input as XY
coordinates and then use is made of existing points and X moves to complete the
region. Region 2 is drawn as follows:-:

|
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UNITS
Y [m] Length im
Fluxdensity T
Field strength : Am"
35.0 Potertial . Whm”
Conductivity :Sm*
Source density: A m*
o ‘W

Force ‘N
Energy N
Mass ‘kg

PROBLEM DATA
Linear elements
XY symmet
Vector potential
Magnetic fields
No mesh

0 regions

50.0
X [m]

V- OPERA-2d

vvvvv 10 Post Processor

Figure 7.2 Region 1 - the E shaped core

MODEL |
Draw regions — New region ...
... Polygon — XY input

X coordinate = 0

Y coordinate = 33

Line curvature = 0

Subdivision = 4

Bias = 0.5
Accept | | Dismiss

Draw regions — New region ...
... Polygon — XY input

X coordinate = 40

Y coordinate = 33

Line curvature = 0

Subdivision = 20

Bias = 0.5
Accept | | Dismiss

Draw regions — New region ...
... Polygon — Mouse input — At old point

and position the mouse near the 2 coordinates shown below and press the mouse
button at each.

|
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40, 27
34, 27

To pick an existing point, it is only necessary to be nearer to the point to be
selected than any other point. The cursor need not be directly on top of the old
point.

In all future examples, the coordinates of pointsto be selected with the mouse will
be shown as a coordinate pair, as above.

Draw regions — New region ...
. Polygon — Mouse input — Return

Select

Draw regions — New region ...
. Polygon — X Move

X displacement = -4
Line curvature = 0
Subdivision = 4
Bias = 0.5
Accept ‘ ’ Dismiss

Draw regions — New region ...
. Polygon — Mouse input — At old point
and pick the points at the following positions:
26, 27
14, 27

Draw regions — New region ...
. Polygon — Mouse input — Return

Select

Draw regions — New region ...
. Polygon — X Move

X displacement = -4
Line curvature = 0
Subdivision = 4
Bias = 0.5
Accept ‘ ’ Dismiss
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Draw regions — New region ...
. Polygon — Mouse input — At old point

6, 27
0, 27

Draw regions — New region ...
. Polygon — Mouse input — Close polygon

Region 2 is completed. Regions 1 and 2 make up the whole of the core and thisis
shown in Figure 7.3.

40.0
UNITS

Y [cm] Length tem

Flux density T
Field strength: Am™*

35.0 Potential ‘Wb m?*

Conductivity :Sm*
Source density A m*
Power W
30.0 Force N
Energy J
Mass kg

25.0

20.0

PROBLEM DATA
Linear elements
15.0 XY symmetry

Vector potential
Magnetic fields

No mesh

10.0 0 regions

5.0

8o 40 80 120 180 240 300 ! 220 48
X [em]

W OPERA-2d

Pre and Post-Processor 7.0

Figure 7.3 The Whole of the Core made up from Regions 1 and 2

The windings will be made up of four separate regions. Regions 3 and 6 will be
the secondary windings and regions 4 and 5 will be the primary windings. Two
regions are heeded for each winding as one will carry the positive current and the
other will carry the negative (return) current. The current density and material
characteristics will be assigned after the regions are created. Existing points will
be utilized in drawing the regions. To draw region 3 select

Draw regions — New region ...
. Polygon — Mouse input — At old point

6, 27
10, 27
10, 6
6, 6

Draw regions — New region ...
. Polygon — Mouse input — Close polygon
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Region 3 created. Continuing:

Draw regions — New region ...

. Polygon
10, 27
14, 27
14, 6
10, 6
Draw regions — New region ...
. Polygon

Region 4 created. Continuing:

Draw regions — New region ...

. Polygon
26, 27
30, 27
30, 6
26, 6
Draw regions — New region ...
. Polygon

Region 5 created. Continuing:

Draw regions — New region ...

. Polygon
30, 27
34, 27
34, 6
30, 6
Draw regions — New region ...
. Polygon

— Mouse

— Mouse

— Mouse

— Mouse

— Mouse

— Mouse

7-11

input — At old point

input — Close polygon

input — At old point

input — Close polygon

input — At old point

input — Close polygon

Region 6 created. This completes the construction of the transformer geometry as

shown in Figure 7.4.

Return to the MODEL menu by:

Draw regions — New region ...

. Polygon — Mouse input — Return

Draw regions — New region ...

. Polygon — Return

Draw regions — Return
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40.0

Y [cm] Length tem
Flux density T
Field strength: Am™
35.0 Potenti: :Wbm*
Conductivity :Sm’*
Source density A m*
Power W
30.0 Force HY
Energy J
Mass' kg

25.0

20.0

PROBLEM DATA
Linear elements.
15.0 XY symmetry

Vector potential
Magnetic fields

No mesh

10.0 0 regions

5.0

080 40 80 120 180 240 300 ! 220 48
X [cm]

11/Jan/97 16:16:39 Page 3
V- OPERA-2d

Pre and Post-Processor 7.0

Figure 7.4 Regions1to 6 showing the Coreand Windings

Modifying Regionsto Include Material Data

Although the geometry is complete, all the regions have material properties set to

default values (corresponding to air)l. These need to be changed to correctly
model the electromagnetic characteristics of the transformer. One hundred mate-
rialsare available, Material label O representsair, Material label 1 represents non-
magnetic conductors and Material labels 3 through 102 represent magnetic mate-
rials. (Material 2 is not used).

Once aregion has been created, any changesto that region may be made with the
Modify regions submenu of the MODEL menu. To assist in the modificationsto the
core, the 2 regions that have been created to model thiswill be grouped together.

Select
MODEL |
Group regions — Create a new group
Group name = Core
‘ Accept | | Dismiss
By cursor...

. add/remove regions — Pick region to add

1. Thesedefault properties are Material label 0, mu or epsilon = 1, Density = 0, Con-
ductivity = 0, Phase/angle = 0 and Velocity = 0.

OPERA-2d User Guide

January 2002



Pre Processing - Building the Model 7-13

and select the 2 regions of the core by

20, 15
20, 30

Each of theregionsis highlighted asiit is selected. Close the menu by

By cursor...

. add/remove regions — Return
Group regions — Create a new group — Return
Group regions — Return

The material properties of these 2 regions can then be changed together by sel ect-
ing
MODEL

Modify regions — Region group — CORE — Material data

Material label = 3
Mu or epsilon = 1000
Density = 0
Conductivity = 0
Phase/angle = 0
Velocity = 0

‘ Accept ‘ ’ Dismiss

After Accept and Return, the two regions that make up the group, CORE, are
highlighted in blue.

As each of the conductors will have a different current density, it would not be
advantageousto group them. Each region will be changed individually to havethe
correct current density and material label by

Select

Modify regions — Region group — Return
Modify regions — Modify Region — Pick Region

and then select region 3 by clicking the mouse anywhere inside region 3.
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Modify regions — Modify region — Pick region — Material data

Material label = 1
Mu or epsilon = 1
Density = le8/area
Conductivity = 0
Phase/angle = 0
Velocity = 0

’ Dismiss

Modify regions — Modify region — Pick region — Return

Region 3 turnsred.

MODEL |
Modify regions — Modify Region — Pick Region

and then select region 4 by clicking the mouse anywhere inside region 4.

Modify regions — Modify Region — Pick Region — Material data

Material label = 1
Mu or epsilon = 1
Density = -9.5e7/area
Conductivity = 0
Phase/angle = 0
Velocity = 0
‘ Accept ‘ ‘ Dismiss

Modify regions — Modify region — Pick region — Return

region 4 is highlighted red.

MODEL |
Modify regions — Modify Region — Pick Region

and then select region 5 by clicking the mouse anywhere inside region 5.

|
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Modify regions — Modify Region — Pick Region — Material data

Material label = 1
Mu or epsilon = 1
Density = 9.5e7/area
Conductivity = 0
Phase/angle = 0
Velocity = 0

’ Accept ‘ ‘ Dismiss

Modify regions — Modify Region — Pick Region — Return

Region 5 is highlighted red.
MODEL |
Modify regions — Modify Region — Pick Region
and then select region 6 by clicking the mouse anywhere inside region 6.

Modify regions — Modify Region — Pick Region — Material data

Material label = 1
Mu or epsilon = 1
Density = -le8/area
Conductivity = 0
Phase/angle = 0
Velocity = 0

‘ Accept ‘ ‘ Dismiss

Modify regions — Modify Region — Pick Region — Return
Region 6 turnsred.

Return to the top level menu by selecting

Modify regions — Modify Region — Return
Modify regions — Return
Return

The current densitiesin regions 3 and 4 are in opposite direction to the current in
regions 5 and 6. This represents the return path of the winding.

The transformer has been modelled with the correct material types as shown in
Figure 7.5.

Magnetic materias (labelled 3 through 102) must have aBH table associated with

]
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40.0
UNITS

Y [cm] Length tem

Flux density T
Field strength : A m*

35.0 " Wb m?

Conductivity :Sm
Source density A m*
Power TW
30.0 Force N
Energy :J
Mass kg

25.0

20.0

PROBLEM DATA
Linear el lements
15.0 XY symmetry

Vector potential
Magnetic fields

No mesh

10.0 0 regions

5.0

086 40 80 120 180 240 300 ! 220 48
X [cm]

V- OPERA-2d

Figure7.5 The Mode including Material Specification

each material. Material label 3 (used here) has a default BH table (default.bh)
associated withiit. If any other magnetic material wasused, aBH tablewould have

to be assigned to the material label.!

Only the surrounding air isleft to be modelled. In finite element models, it is usu-
ally necessary to model air surrounding the electromagnetic device so that stray
fields may be calculated. The air will be modelled using a single Background
region. Thisis modelled so that it sits on top of regions 1 to 6, and extends to a
limit where the stray field will be negligible.

The air region is larger than the current display size, so the screen coordinates
should be changed:

DISPLAY |
Axes limits

1. OPERA-2dissupplied with alibrary of BH characteristics. These arefound in the
$vfdir/bh directory of your computer system ($vfdir is the directory containing
OPERA-2d. See “Implementation Notes’ .)

|
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Complete the box as shown below.

Display Axes Limits

Horizontal axis
Left ] -60 ‘

Right ] 100 \
Vertical axis
Bottom ’ -60 ‘

Top ] 100 \

DISPLAY |
Refresh

To draw the air surrounding the transformer:

MODEL |
Draw regions — New region ...
. Background — XY input

X coordinate = -60
Y coordinate = -60
Line curvature = 0
Subdivision = 10
Bias = 0.5
Accept ‘ ’ Dismiss

Draw regions — New region ...
. Background — XY input

X coordinate = 100
Y coordinate = -60
Line curvature = 0
Subdivision = 10
Bias = 0.5
Accept ‘ ’ Dismiss
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Draw regions — New region ...
. Background — XY input

X coordinate = 100
Y coordinate = 100
Line curvature = 0
Subdivision = 10
Bias = 0.5
Accept ‘ ’ Dismiss

Draw regions — New region ...
. Background — XY input

X coordinate = -60
Y coordinate = 100
Line curvature = 0
Subdivision = 10
Bias = 0.5
Accept ‘ ’ Dismiss

Draw regions — New region ...
. Background — Close Polygon

Subdivision = 10

Line curvature = 0

Bias = 0.5
Accept ‘ ’ Dismiss

Region 7 has been created. Only one background region may be used in amodel.
Hit any key to clear this message.

Select

Draw regions — New region ...
. Background — Return
Draw regions — Return

to return to the MODEL menu

The geometry, including material dataand surrounding air isshownin Figure 7.6.

|
OPERA-2d User Guide January 2002



Pre Processing - Building the Model 7-19

UNITS
Length ‘cm
Flux density < T
Field strength: A m*
Potential ‘Wb m*
Conductivity :Sm*
Source density A m”
Power W
Force N
Energy )
Mass kg

PROBLEM DATA

xfmr.op2
Linear elements
XY symmetry
Vector potential
Magnetic fields
Static solution
Scale factor = 1.0
No mesh

7 regions

-GOLEO.O -40.0 -20.0 0.0 20.0 40.0 60.0 80.0 100.0  120.
X [cm]

10/Jan/97 09:59:01 Page 5
V- OPERA-2d

Pre and Post-Processor 70

Figure 7.6 Themodel with the surrounding air

Setting the Boundary conditions

Following material data definition, the boundary conditions should be assigned.
The boundary conditions are used in this case to approximate the magnetic field
at large distances from the problem (far-field boundaries). For vector potential
solutions it is generally necessary to assign at least one exterior region face as B

normal = 0L Inthiscase al exterior faces will be set by

MODEL |
Boundary cond. — Vector pot — B normal=0

and click around the 4 sides of the background region, inside the region.

20, 95
95, 20
-55, 20
20, -55

and then return to the MODEL menu by

Boundary cond. — Vector pot — Return
Boundary cond. — Return

1. UsingBnormal = 0 boundary condition setsthe vector potential along that
boundary to be zero. This gives aunique value of vector potential to the problem,
i.e. it gauges the solution.
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Generating the Finite Element M esh

The model with assigned boundary conditions has now been created. The next
step isto generate and check the finite element mesh. TheMesh generator option
of the MODEL menu generates the data necessary for the analysis modules to solve
the problem. In addition, it checks the data and if any errors are found, the mesh
will not be stored. To do this click on

MODEL |

Mesh generator — Generate mesh

A message box is created while the mesh is being generated. This displays the
results of the checking procedure. If anything other than O errors are reported,
these errors will need to be corrected. If anything other than O warnings are
reported, these may need to be corrected.

The window displays an outline of the model. The boundary of the model is
drawnwith ared line. Red linesthat appear inside the outer boundary indicate that

the mesh is not continuous (i.e. an internal boundary has been found)?.

Clear the message box and return to the top level menu by clicking on

MODEL |
Return

Preparing for Analysis

The problem to be modelled has a constant drive current and hence can be solved
using the static analysis module. From the main menu select

FILE |
Write file — Analysis data — Static analysis

A menu listing all static analysis options appears. Accept al defaults by hitting
Return twice

Storing a problem

It is essential to store the model?. To save the model select

1. Inelectrostatic problems, internal boundaries may be required to represent e.g.
electrodes.

2. Thiscan be done at any time during the pre processing stage, and should be used
regularly to back up your work while building the model

|
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FILE |
Write file — Write model

Inthefile selection box enter x fmr and pressthe Accept button. This createstwo
OPERA-2d files containing the model and mesh data. These are xfmr.op2 and
xfmr.mesh respectively. The .op2 fileisrequired as input to the analysis program.
The .mesh fileis not required by the analysis program (although if it is present, it
will be used by the analysis and thus speed up the analysis), so can be deleted to
save disk space if desired. However if no mesh file exists then the Remesh option
of the FILE menu must be used on entering the pre and post processor and before
examining results.

To exit the pre and post processor:

FILE |
End OPERA-2d/PP
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OPERA-2d Satic Analysis Module

A number of analysis modules are supplied with OPERA-2d. The choice of anal-
ysis module depends on the type of problem being solved. (For further informa-
tion see “Analysis and Utility Programs’ on page 5-1). In this particular case, an
instant in time of the transformer operation is considered and eddy currents are
neglected, i.e. the core is assumed to be laminated. Hence it can be considered as
atime invariant (static) magnetic field problem and the static analysis module is
to be used.

In order to launch the Static Analysis module select
FILE |

Start analysis

Within the start analysis menu select the appropriate filename (xfmr) and
Accept.

OPERA-2d then reports on the progress of the solution.
On successful completion, OPERA-2d returns to the initial screen. The solution

process has created a solution file, xfmr.st. This contains the solution data from
the static analysis for post processing.
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Post Processing - Examining the Solution

Reading and displaying the solution
To analyse the solution from the static analysis, the resultsfile, xfmr.st isread into
the pre and post processor. To do this click on

FILE |
Read file — Read model

A filebox listing the directory contents appears, from which the file xfmr.st should
be selected. The Accept button should then be pressed.

Filename = xfmr.st
Case = 1
Accept ‘ ‘ Dismiss

Thefilexfmr.stisread into the pre and post processor. A message box is displayed
showing the units setting. This can be cleared by hitting any key or mouse button.

Normally the mesh file will have been created by the ST analysis, and should still
be available. If the mesh file does not exist (for exampleiif it has been deleted), it
will be necessary to rebuild the mesh. To do this select

FILE |
Read file —» Re-mesh

The remeshing process produces a message box. This may be cleared using any
key.

The solution will not appear on the screen until the screen is redrawn. Using the
DISPLAY menu, resize and redraw the screen:

]
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DISPLAY |
Axes limits

Display Axes Limits

Horizontal axis

Left ] 0 ‘

Right ] 40 \
Vertical axis

Bottom ’ 0

Top ’ 40 ‘

DISPLAY |
Style — Fill materials

DISPLAY |
Style — Return

DISPLAY |
+Labels (togglesto -Labels)

DISPLAY |
Nodes — No vertices/nodes

DISPLAY |
Nodes — Return

DISPLAY |
Refresh

Theair regions overdraw the axes. To see the axes after the air regions have been
drawn, choose the Axes - Overdraw options from the DISPLAY menu and then
Refresh.

Line Contours of Vector Potential

One of the easiest things to check isthe flux pattern. The static analysisis solved

in terms of vector potential and equipotential line contours, in XY symmetry?, are
equivalent to lines of magnetic flux. To see contours of constant vector potential
select
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FIELDS |
Contour plot — Execute

A message box displaying the model RM S error is given. This can be cleared by
hitting any key or mouse button.

The error can be significantly reduced by changing to quadratic elementsin the
pre processing stage

Figure 7.7 shows the lines of constant vector potential over the whole model.

UNITS
Length ‘em
Flux density : T
Field strength: A m” X

en :

ields

Static solution
Scale factor = 1.0
2140 elements

V- OPERA-2d
Pre and Post-Processor 7.0

Figure 7.7 Equipotential line contour s of vector potential - Equivalent to lines of
magnetic flux

Zone Contoursof Flux Density Magnitude

In addition to the magnetic lines of flux, the magnetic flux density isagood indi-
cator of magnetic performance. The contours may be shown in a number of dif-
ferent styles, for example filled zones. This displays zones or bands of colour on
the model geometry. Each colour band represents a range of values.

To look at flux density one must change the component to be analysed from the
default (POT) to BMOD (modulus i.e. magnitude of magnetic flux density B)
before selecting the contour plot. Begin by:

1. Thisisnot the case for an axi-symmetry model where the magnetic lines of flux
are equivalent to the product of radius and potential, i.e. R*POT, or linesof POT
if amodified rA potential was used.

|
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Component
Component = BMOD
Accept ‘ ‘ Dismiss

DISPLAY |

Contour plot — Style — Filled zones
DISPLAY |

Contour plot — Style — Return
DISPLAY |

Contour plot — No Refresh (togglesto Refresh)
DISPLAY |

Contour plot — Execute

The magnitude of magnetic flux density is shown in Figure 7.8

UNITS
Length em
Flux density T

Field strength : Am™
Potential :Wb m*
Conductivity :Sm’
Source density: Am”
Pou ‘W
Force N

Energy 3
Mass. kg

PROBLEM DATA
_2dManual\Feb00\fmr.st
Linear elements
XY symmetry
Vector potential
Magnetic fields
Static solution
Scale factor = 1.0

2200 elements

1121 nodes

7 regions

Component: BMOD
1.17755E-04 0.585951 1.171784

Figure 7.8 Filled Zone Contours of Magnetic Flux Density Magnitude

The display is redrawn and colour bands of flux density are drawn on the model
and on the scale at the bottom of the graphics window.

Tojust study the flux in the core select

FIELDS |
...Options (under Contour plot) — Region group — CORE
...Options (under Contour plot) — Return
Contour plot — Execute

|
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Line Graphs

Graphs representing lines in the two dimensional space may aso be drawn. The
appropriate component needs to be selected prior to drawing the graph. To seea
line graph of the y-component of flux density through the middle of the trans-
former:

Component

Component = by

Accept ‘ ‘ Dismiss

Graphs — Along line

Start X coordinate = 0
...... Y coordinate = 15
End X coordinate = 40
....Y coordinate = 15
Curvature of line = 0
Number of points = 100
Accept ‘ ‘ Dismiss

The resulting graph is shown in Figure 7.9.

08~ UNITS
Length cm
Flux density T
06 Field strength : A m
Potential ‘Wbm*
Conductivity :Sm
Source density A m*
0.4 W
Force N
Energy 3
02 Mass p
0.0
02
PROBLEM DATA
xfmr.st
-0.4 — Linear elements
XY symmetry
Vector potential
06 Magnetic fields
: Static solution
Scale factor = 1.0
2140 elements
08 1091 nodes
I I I I I I I 7 regions
X coord 0.0 3.999999 10.0 140 180 220 26.0 300 340 380
Y coord 150 15.0 150 150 150 150 150 150 150 15.0
Values of BY
T1/3an/57 17:00:26 Page 7
V OPERA-2d
Fre and Post-Processor 7.0

Figure7.9 A Graph of theY Component of Flux Density

This concludes the transformer example. To close the pre and post processor
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FILE |
End OPERA-2d/PP

Alternatively, move on to the next example. Before starting it isadvisable to clear
and reset the pre and post processor:

OPTIONS |
Clear and reset

|
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Chapter 8
A Solenoid Example

| ntroduction

The solenoid tutorial modelsacylindrical solenoid which isrotationally symmet-
ric about the vertical (z) axis. By making use of this symmetry only half (the pos-
itive R) of the 2D cross-section of the solenoid is modelled as shown in
Figure 8.1,

UNITS
Length rcm
Flux density T
Field strength :Am™
Potential TWb m’
Conductivity —:Sm™*
Source density : A cm®
Power ‘W
Force :N
Energy :J
Mass :kg

PROBLEM DATA
|

Linear elements
Axi-symmetry
Modified R*vec pot.
Magnetic fields
1373 elements
715 nodes
17 regions

VF_ Pc-OPERA

Pre and Post-Processor 7.0

Figure8.1 The Complete Model

The solenoid consists of four partstogether with the coil. They are abase plate, a
plunger, atop plate, and an outer shell.

|
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Each part could be modelled as a single polygon. However the aspect ratio of 1:6
would lead to a poor quality finite element mesh. Therefore each part will made
up of several quadrilateral regions which can each be discretized into a uniform
and predictable mesh.

Each part will be given a different material label. The different labels usualy sig-
nify different material characteristics, though in this case they are used as an aide
in identifying the different parts of the model, as each has adifferent colour asso-
ciated with it. (All the magnetic materials in this model have the same BH char-
acteristics.)

|
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OPERA-2d Pre Processor

Version 8.5

Setting the Working Environment

Launch OPERA-2d and enter the pre and post processor as described in previous
examples.

It isnecessary to change the default set of units, select the axis dimensions and set
the solution type. The solenoid will be drawn in centimetres with the current den-

sity in Acm™2. To change the default system of units:

uNITS |
Length unit — Centimetre
Length unit — Return
Density unit — Amps/cm**2
Density unit — Return
Return

and the units are changed.

The default screen coordinates should be changed. Since the solenoid is essen-
tially along cylinder, an aspect ratio of 1:6 will assist in viewing the model being
constructed.

Note: This aspect ratio will distort the view of the model but will allow the user
to see more detail.
Select

DISPLAY |
Axes limits

Display Axes Limits

Horizontal axis

Left ] 0 ‘

Right \ 1 \
Vertical axis

Bottom ‘ 0

Top ‘ 6 ‘
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and select the Accept button to set the new size, followed by Refresh to update
the display.

The default solution typeisxy SYMMETRY. Since the model has axi-symmetry, the
solution type needs to be changed to axi-symmetry with solution potential MODI -
FIED RA.

With axi-symmetry, the modified rA potential isused for greater accuracy around
the Z-axis. Select

MODEL |
Solution Type — Axi symm and potentials — Modified r*A
Solution Type — Axi symm and potentials — Return
Solution type — Return

The screen display can be refreshed to show these changes by selecting
MODEL

Zoom display — Same size

The user should always check that the symmetry and solution are set correctly
before continuing. This can be done by checking the text information written on
the right hand side of the display.

Construction Lines Entry
Consgtruction lines will be used to aid in drawing regions. Several of these lines
are created by selecting

MODEL |
Draw regions — New region ...
. Polygon — Enter C lines — Line

and completing the box as shown below.

Start X = 0
...... Y = 0
Finish X = 1
...... Y = 0
Rotation = 0
Accept ‘ ‘ Dismiss

|
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When complete, select Accept. The construction lineis drawn from (0,0) to (1,0).
Repeat for the following construction lines.

Start X = 0
...... Y = 0
Finish X = 0
...... Y = 6
Rotation = 0
Accept ‘ ‘ Dismiss
Start X = 0.4
...... Y = 0
Finish X = 0.4
...... Y = 6
Rotation = 0
Accept ‘ ‘ Dismiss
Start X = 0.5
...... Y = 0
Finish X = 0.5
...... Y = 5
Rotation = 0
Accept ‘ ‘ Dismiss
Start X = 0.8
...... Y = 0
Finish X = 0.8
...... Y = 5
Rotation = 0
Accept ‘ ‘ Dismiss
Start X = 0.9
...... Y = 0
Finish X = 0.9
...... Y = 5
Rotation = 0
Accept ‘ ‘ Dismiss

]
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Start X = 1
...... Y = 0
Finish X = 1
...... Y = 5
Rotation = 0
Accept ‘ ‘ Dismiss
Start X = 0
...... Y = 0.4
Finish X = 1
...... Y = 0.4
Rotation = 0
Accept ‘ ‘ Dismiss
Start X = 0
...... Y = 3.5
Finish X = 1
...... Y = 3.5
Rotation = 0
Accept ‘ ‘ Dismiss
Start X = 0
...... Y = 5
Finish X = 1
...... Y = 5
Rotation = 0
Accept ‘ ‘ Dismiss

The construction lineswill not be a part of the model, and will not be stored in the
.0p2 file. They are an aid to drawing the regions.

Select

Draw regions — New region ...

. Polygon — Enter C lines — Return
Draw regions — New region ...

. Polygon — Return

|
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Drawing the Regions

The model is constructed by placing region vertices at the intersections and ends
of the construction lines (the default region type is the polygon which can have
up to 1000 sides).

Four regions will be drawn to represent the base plate of the solenoid, as illus-
trated in Figure 8.2. The material properties associated with these regions should

UNITS
Length rcm
6.0 | Flux density :T
Field strength :Am™
Z [cm] [ ' Potential tWb m
Lo I o L, Conductivity —:Sm*
5.0 Source density : A cm”®
' ' ' ' ' Power W
| | | | | Force N
4.0 Energy )
' ' ' ' ' Mass kg
77777777 [ e R
3.0 i i i i i PROBLEM DATA

Linear elements
Axi-symmetry
Modified R*vec pot.

2.0 ‘ ‘ | ‘ ‘ Magnetic fields

No mesh
. . ' ' ' 0 regions
1.0~ | | | | |
0.
.0 0.2 0.4 0.6 0.8
R fom] (2o s#707 Pege ]

VF Pc-OPERA

Pre and Post-Processor 7.0

Figure8.2 Thebase plate geometry

be set beforetheregionsare drawn. In this case, the base plate will have amaterial
label of 3 and aninitial permeability of 1000. Thisis done by

MODEL |
Draw regions — Region defaults ...
. material type

Material label = 3
Mu or epsilon = 1000
Density = 0
Conductivity = 0
Phase/angle = 0
Velocity = 0

‘ Accept ‘ ‘ Dismiss

The polygons are now drawn by selecting

|
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Draw regions — New region ...
. Polygon — Mouse input — At intersection

and then clicking the mouse near the following coordinates, near the intersections
of the construction lines!

0, 0
04, O
04, 04
0, 0.4

Draw regions — New region ...
. Polygon — Mouse input — Close polygon

Region 1is created.

Draw regions — New region ...
. Polygon — Mouse input — At intersection

and then clicking the mouse near the following coordinates

04, O
05 0
05 04
04, 04

Draw regions — New region ...
. Polygon — Mouse input — Close polygon

Region 2 is created.

Draw regions — New region ...
. Polygon — Mouse input — At intersection

and then clicking the mouse near the following coordinates

05 O
08, O
08, 04
05 04

Draw regions — New region ...
. Polygon — Mouse input — Close polygon

Region 3 is created.

Draw regions — New region ...
. Polygon — Mouse input — At intersection

1. Atintersection will create a point where 2 construction lines meet or at the end
of aconstruction line,
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and then clicking the mouse near the following coordinates

08, O
09, O
09, 04
08, 04

Draw regions — New region ...
. Polygon — Mouse input — Close polygon

Region 4 is created.

Draw regions — New region ...
... Polygon — Mouse input — Return
Draw regions — New region ...
. Polygon — Return

The plunger geometry is shown in Figure 8.3. For the 3 regions that make up the
plunger, the material properties should be set with material 1abel 5.

UNITS
Length rcm
6. Flux density —:T
Field strength :Am™
Z [cm] Potential :Whb m?
- . L= L= Conductivity — :Sm*
5. Source density
' ' ' ' Power
| | | | Force N
4.0 ) } } } Energy :J
Mass tkg

Acm®
w

' ' ' ' PROBLEM DATA
3.0 )
Linear elements
I I I I Axi-symmetry
' ' ' ' Modified R*vec pot.

2.0 Magnetic fields
No mesh

0 regions

1.0 | | | |

‘0.0 0.2 0.4 0.6 0.8
R [em]
V- Pc-OPERA

Pre and Post-Processor 7.0

Figure 8.3 Thefirst two components of the solenoid
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Draw regions — Region defaults ...
. material type

Material label = 5
Mu or epsilon = 1000
Density = 0
Conductivity = 0
Phase/angle = 0
Velocity = 0

‘ Accept ‘ ‘ Dismiss

Draw regions — New region ...
. Polygon — Mouse input — At intersection

and then clicking the mouse near the following coordinates

0, 04
0, 35
04, 35
04, 04

Draw regions — New region ...
. Polygon — Mouse input — Close polygon

Region 5 is created.

Draw regions — New region ...
. Polygon — Mouse input — At intersection

and then clicking the mouse near the following coordinates

0, 35
0, 5
04, 5
04, 35

Draw regions — New region ...
. Polygon — Mouse input — Close polygon

Region 6 is created.

Draw regions — New region ...
. Polygon — Mouse input — At intersection

and then clicking the mouse near the following coordinates

0, 5
0, 6
04, 6
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04, 5
Draw regions — New region ...
... Polygon — Mouse input — Close polygon

Region 7 is created.

Draw regions — New region ...
. Polygon — Mouse input — Return
Draw regions — New region ...
... Polygon — Return

Thetop plate shown in Figure 8.4 should be assigned material label 7.

UNITS
Length rcm
6. Flux density T
Field strength :Am*
Z [cm] Potential :Wh m?
SR — Conductivity ~ :Sm*
5. Source density : A cm®
' Power W

| Force N
4.0 8 o ) Energy :J
Mass 1kg

3.0 ! ' ! ! PROBLEM DATA
. Linear elements
‘ ‘ ‘ ‘ Axi-symmetry
' ' ' ' Modified R*vec pot.
2.0 Magnetic fields
No mesh
0 regions

1.0 | | | |

‘0.0 0.2 0.4 0.6 0.8
R [em]
V- Pc-OPERA

Pre and Post-Processor 7.0

Figure 8.4 The modelling of the solenoid progresses

Draw regions — Region defaults ...
. material type

Material label = 7
Mu or epsilon = 1000
Density = 0
Conductivity = 0
Phase/angle = 0
Velocity = 0

‘ Accept ‘ ‘ Dismiss
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The 2 regions used to represent it are drawn by

Draw regions — New region ...
. Polygon — Mouse input — At intersection

and then clicking the mouse near the following coordinates

05 5
05, 35
08, 35
08, 5

Draw regions — New region ...
. Polygon — Mouse input — Close polygon

Region 8 is created.

Draw regions — New region ...
. Polygon — Mouse input — At intersection

and then clicking the mouse near the following coordinates

08, 5
08, 35
09, 35
09, 5

Draw regions — New region ...
. Polygon — Mouse input — Close polygon

Region 9 is created.

Draw regions — New region ...

. Polygon — Mouse input — Return
Draw regions — New region ...

. Polygon — Return

Regions 10 to 12 will represent the outer shell of the solenoid. They will be
labelled material 9. Continuing:

OPERA-2d User Guide

January 2002
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Draw regions — Region defaults ...
. material type

Material label = 9
Mu or epsilon = 1000
Density = 0
Conductivity = 0
Phase/angle = 0
Velocity = 0

‘ Accept ‘ ‘ Dismiss

The menu boxes may cover up some of the coordinates required, e.g. (1,5). In
order to point at them, the menu boxes must be hidden. Press the F1 function key
to hide the menus. Hitting the F1 key again restores the menus. Use this feature

when necessary in creating the following regions.t

Draw regions — New region ...
. Polygon — Mouse input — At intersection

and then clicking the mouse near the following coordinates

09, 5
09, 35
1, 35
1, 5

Draw regions — New region ...
. Polygon — Mouse input — Close polygon

Region 10 is created.

Draw regions — New region ...
. Polygon — Mouse input — At intersection

and then clicking the mouse near the following coordinates

09, 35
1, 35
1, 0.4
09, 04

Draw regions — New region ...
. Polygon — Mouse input — Close polygon

1. TheF1 key acts as atoggle switch to hide and restore the menus
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Region 11 is created.

Draw regions — New region ...
. Polygon — Mouse input — At intersection

and then clicking the mouse near the following coordinates

09, 04
09, O
1, 0
1, 04

Draw regions — New region ...
. Polygon — Mouse input — Close polygon

Region 12 is created.

Draw regions — New region ...

. Polygon — Mouse input — Return
Draw regions — New region ...

. Polygon — Return

Region 13 will be the coil (conductor) region. Non-magnetic conductor regions
are normally given material label 1. The current density flowing in the coil is set
in the density parameter. Continuing:

Draw regions — Region defaults ...
. material type

Material label = 1
Mu or epsilon = 1
Density = 150
Conductivity = 0
Phase/angle = 0
Velocity = 0

‘ Accept ‘ ‘ Dismiss

Draw regions — New region ...
. Polygon — Mouse input — At intersection

and then clicking the mouse near the following coordinates

08, 04
08, 35
05, 35
05 04

Draw regions — New region ...
. Polygon — Mouse input — Close polygon

|
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Region 13 is created.

Draw regions — New region ...

. Polygon — Mouse input — Return
Draw regions — New region ...

. Polygon — Return

Theregions drawn areillustrated in Figure 8.5

UNITS

Length rcm

6. Flux density :T
Field strength :Am*
Z [cm] Potential Wb m’|

Conductivity —:Sm™
Source density : A cm®
Power ‘W

Force N
Energy :J
Mass 1kg
PROBLEM DATA
Linear elements
Axi-symmetry

Modified R*vec pot.
Magnetic fields
No mesh

0 regions

R [em]
V Pc-oPERA

Pre and Post-Processor 7.0

Figure 8.5 Regions1to 13 complete

Finally, only the surrounding air regions need to be drawn. This could be done
using a single background region. However, the air regions inside the solenoid
would be hard to mesh adequately, due once more to the high aspect ratio. Three
guadrilateral regions will be used inside the model, and a single background
region will extend to the far-field boundary.

First thematerial propertiesmust be set to those of air. Airisnormally given mate-
rial label 0.
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Draw regions — Region defaults ...
. material type

Material label
Mu or epsilon =
Density =
Conductivity =

o O o B o

Phase/angle =
Velocity = 0

‘ Accept ‘ ‘ Dismiss

To draw the 3 quadrilateral regions

Draw regions — New region ...
. Polygon — Mouse input — At intersection

and then clicking the mouse near the following coordinates

08, 04
08, 35
09, 35
09, 04

Draw regions — New region ...
. Polygon — Mouse input — Close polygon

Region 14 is created.

Draw regions — New region ...
. Polygon — Mouse input — At intersection

and then clicking the mouse near the following coordinates

05 04
05, 35
04, 35
04, 04

Draw regions — New region ...
. Polygon — Mouse input — Close polygon

Region 15 is created.

Draw regions — New region ...
. Polygon — Mouse input — At intersection

and then clicking the mouse near the following coordinates

|
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05, 35
05 5
04, 5
04, 35

Draw regions — New region ...
. Polygon — Mouse input — Close polygon

Region 16 is created.

Draw regions — New region ...

. Polygon — Mouse input — Return
Draw regions — New region ...

. Polygon — Return
Draw regions — Return

The surrounding air region must be much larger than the solenoid so that stray
fields can be accurately modelled. For this type of geometry a genera rule
requiresthe air to extend to 10 times the size of the model. The display should be
resized by

MODEL |
Zoom display — Numerical Axes Limits

Display Axes Limits

Horizontal axis
Left ‘ 0 ‘

Right ] 50 ‘
Vertical axis
Bottom ’ -44 ‘

Top | 50 ‘

The background region is drawn by

]
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MODEL |
Draw regions — New region ...
. Background — XY input

X coordinate = 0

Y coordinate = 0

Line curvature = 0

Subdivision = 1

Bias = 0.5
Accept ‘ ’ Dismiss

Draw regions — New region ...
. Background — Y move

Y displacement = 6
Line curvature = 0
Subdivision = 10
Bias = 0.5
Accept ‘ ‘ Dismiss

A biasisgiven to the next line to make the subdivision size smaller at the start of
the face where the fields will be changing faster, and the elements need to be
smaller.

Draw regions — New region ...
. Background — Y move

Y displacement = 44
Line curvature = 0
Subdivision = 10
Bias = 0.01
Accept ‘ ’ Dismiss

Draw regions — New region ...
. Background — XY input

X coordinate = 47

Y coordinate = 3

Line curvature = 1/47

Subdivision = 5

Bias = 0.5
Accept ‘ ’ Dismiss ‘
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Draw regions — New region ...
. Background — XY input

X coordinate = 0

Y coordinate = -44

Line curvature = 1/47

Subdivision = 5

Bias = 0.5
Accept ‘ ’ Dismiss

A bias will make the subdivisions smaller towards the end of the next face.

Draw regions — New region ...
. Background — Close polygon

Subdivision = 10

Line curvature = 0

Bias = 0.99
Accept ‘ ’ Dismiss

For mesh continuity within the model, the sides of neighbouring polygons must
match exactly. In this case the background region just drawn has a side that does
not match existing sides correctly. A message box appears listing the necessary
points that should be added to make the neighbouring sides match, and asksif you
would like these pointsto be added. Select Yes.

As only one background region may be used in a model, a further message
appears, saying that any further regions drawn will be normal polygons. Hit any
key to clear it.

Figure 8.6 shows the model with al regions entered.

| mproving the Mesh

Return to the top level menu by

Draw regions — New region ...

. Background — Return
Draw regions — Return
Return

To display the finite element mesh in the parts of the solenoid

]
Version 8.5 OPERA-2d User Guide



8-20 Chapter 8 - A Solenoid Example

Z [cm]

UNITS

Length rcm
Flux density :T
Field strength :Am™
Potential *Wh m
Conductivity ~— :Sm*
Source density : A cm’
Power W

Force N
Energy 1
Mass :kg
PROBLEM DATA
Linear elements
Axi-symmetry

Modified R*vec pot.
Magnetic fields
No mesh

17 regions

(s oz pages |
VF_ Pc-OPERA

Pre and Post-Processor 7.0

Figure 8.6 The completed model including surrounding air

DISPLAY |
-mesh (toggles to +mesh)
Axes limits

Display Axes Limits

Horizontal axis

Left | 0 |
Right | 1 |
Vertical axis
Bottom | 0 |
Top | 6 |

DISPLAY |
Refresh

A message appears saying that the background mesh cannot be displayed. Thisis
because the background region mesh has not yet been generated. Hit any key to

clear this message.

The mesh displayed is very sparse, many more elements are needed within the
model. First the regions need to be changed so the mesh generator can produce a

regular mesh.
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Other types of regions which can be created have codes H, Q, C and CS. These
alternative region code definitions provide a method of generating a predictable
mesh. In this example al the quadrilateral regions (1 to 16 inclusive) are to be
changed from polygon regions. Most will be shape H. H shape regions produce a
uniform mesh (opposite faces have an equal number of subdivisions).

To do this;

MODEL |
Change regions — Region numbers

First region = 1
Last region = 16
Accept ‘ ‘ Dismiss

New shape code

Regular quad (H)
Graded quad (Q)
Polygon

OOO .

Background

Change Regions

Return

and select Reqular quad (H) followed by Change regions to change regions 1
through 16 to shape H. Regions 1 and 5 will need many elementsat their interface,
but not as many opposite. They will be converted to shape Q regions. Q shaped
regions allow graded mesh quadrilaterals. (One pair of opposite sides can have
different number of subdivisions). To make this change:

Change regions — Region numbers

First region = 1
Last region = 1
Accept ‘ ‘ Dismiss
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New shape code

Regular quad (H)
Graded quad (Q)
Polygon

OO0 mO

Background

Change Regions

Return

selecting Graded quad (Q) and Change regions.

Change regions — Region numbers

First region = 5
5
Accept ‘ ‘ Dismiss ‘

Last region

New shape code

Regular quad (H)
Graded quad (Q)
Polygon

OO0 wm [

Background

Change Regions

Return

selecting Graded quad (Q) and Change regions.

The number of subdivisions are to be modified on the faces in each region. The
number of subdivisions specifies the number of elements along each face. This
information is used for mesh generation.

Select

DISPLAY |
Axes — Overdraw axes

and Refresh.

MODEL |
Modify regions — Modify sides ...
. by picking — All properties...
...of one side

|
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and select the side in region 1 near
02, O

complete the parameter box:

Modify Side

Subdivision ‘ 5 ‘
Curvature ‘ 0 ‘
Bias ‘ 0.5

Boundary Conditions
W None

O Assigned potential
O zero normal deriv.
O periodic symmetry

Potential Value [:::::::::::]

‘ Accept ‘ ‘ Quit ‘

MODEL |
Modify regions — Modify sides ...
. by picking — All properties...
. of one side

Select another sidein region 1 near
0.2, 04
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and complete the parameter box:

Modify Side

Subdivision ’ 20 ‘
Curvature ’ 0 ‘
Bias \ 0.5 \

Boundary Conditions

B None

O Assigned potential
O zero normal deriv.
O periodic symmetry

Potential Value IIl

’ Accept ‘ ‘ Quit ‘

Modify regions — Modify sides ...

. by picking — Return

To see the effect of this:

Modify regions — Zoom display — Same size

Continue improving the mesh using the Modify sides option used above, and
change the subdivisions as shown in the table below.

Selection

Subdivision

Inside region 5 near (0.2,3.5)

ol

Inside region 2 near (0.45,0.4)

Inside region 3 near (0.65,0.4)

Inside region 4 near (0.85,0.4)

Inside region 11 near (0.95,0.4)

Inside region 1 near (0,0.2)

Inside region 1 near (0.4,0.2)

Inside region 5 near (0,2)

Inside region 5 near (0.4,2)

Inside region 6 near (0.4,4.5)

Inside region 7 near (0.4,5.5)

| 00 00| 00| U1 UIf W| N U1 W

and then return to the top level COMMAND menu.
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To show the changes select

DISPLAY |
Refresh

Figure 8.7 shows the mesh that should exist after all the changes.

Z [cm]

4.0

3.0

2.0

1.0

UNITS
Length rcm
Flux density T
Field strength :Am™
Potential *Wh m
Conductivity —:Sm*
Source density : A cm”®
Power ‘W

Force :N
Energy 1
Mass 1kg
PROBLEM DATA
Linear elements
Axi-symmetry

Modified R*vec pot.
Magnetic fields
No mesh

17 regions

VF Pc-oPERA

Pre and Post-Processor 7.0

Figure 8.7 The mesh generated in the solenoid

Material Characteristics - the BH Curve

Each of the magnetic materials must have a characteristic curve assigned to it.
Only material label 3 hasadefault characteristic associated with it. Practical char-
acteristics may be entered to give realistic solutions. In addition curves may be
chosen from the library provided by Vector Fields. The Vector Fields curves are
supplied in adirectory $vfdir/bh where $vfdir isthe directory into which OPERA
wasinstalled (see“ Implementation Notes’ on page 2-1). Seethe Reference Man-
ual for information on the BHDATA command. In this example, the default BH
curve for material 3will beused for al of the magnetic regions. The default curve
will be stored as sol.bh and then loaded back into the program for each magnetic
material. To accomplish this:

Select

MODEL |
BH or

DE Data — BH/DE editing — Material 3 — Store in file

and enter sol asthe filename.

|
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BH or DE data — BH/DE editing — Material 3 — Return

The BH characteristic for material label 3 is shown in Figure 8.8.

UNITS

Length rcm
Flux density :T
Field strength :Am™ )
B [T] Potential :Wb m’
3.0 Conductivity :Sm™

Source density : A cm®
Power W
251 Force N

Energy )
Mass 1kg
2.0
PROBLEM DATA
Linear elements
1.5 Axi-symmetry

Modified R*vec pot.
Magnetic fields
1.0 No mesh

17 regions

0.5

L L L
.0 40000.0 100000.0 160000.0
-1
HIAm,
w PC-OPERA

Pre and Post-Processor 7.0

Figure 8.8 Thedefault BH characteristic for material label 3

BH data for materia label 5 is now required. The material is selected and the
newly created material characteristic file sol.bh is loaded so that it is associated
with this material.

BH or DE data — BH/DE editing — Material 5 — Load from file

and select sol.bh from the file box.

BH or DE data — BH/DE editing — Material 5 — Return

Repeat the above procedure for MATERIAL 7 and MATERIAL 9. Then select
Return 3 timesto get back to the top level menu.

Setting the Boundary Conditions

Finally, the boundary conditions can be assigned. The display size will be
changed as necessary to make setting the boundary conditions easier. The bound-
ary condition B normal = 0 will be set on all external faces, aswell ason al
faces on the Z-axis (which must have this condition).

Click on

OPERA-2d User Guide
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DISPLAY |
+mesh (toggles to -mesh)
Refresh
MODEL |
Boundary Cond. — Vector pot — B normal = 0

and select points near each face that lies on the Z axis, i.e.

Inside region 1 0, 0.2

Insideregion5 0, 2
Insideregion6 0, 4
Insideregion7 O, 55

Resize the display to set the background region sides
Boundary Cond. — Vector pot — Zoom Display — Bounding Box
Boundary Cond. — Vector pot — B normal = 0

Insideregion 17 O, 20
Insideregion 17 O, -20
and on the far field boundaries at
Insideregion17 25, 40
Insideregion17 25, -30

and then Return to the MODEL menu.

Generating the Finite Element Mesh

The finite eement mesh is generated as follows:

MODEL |
Mesh generator — Generate mesh

As mesh generation proceeds the graphics display shows a line drawing of the
model. The outer boundaries of the model will be drawn in red with the interior
model drawn in white.

Any red linesin theinterior of an electromagnetic model indicate that themeshis
not continuous. These must be corrected before the analysis module is started.

The message box reports on progress and lists the results of checks carried out.
Thefinal line should show 0 errors and 0 warnings. Any errors must be corrected,
while warnings may need to be corrected. Hit any key to clear the display. Close
the menu

]
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MODEL |
Mesh generator — Return
Return

The mesh can be displayed by

DISPLAY |

-mesh (toggles to +mesh)
DISPLAY |

Axes limits

Display Axes Limits

Horizontal axis

Left ] 0 ‘

Right ] 6 \
Vertical axis

Bottom ’ 0

Top ‘ 6 ‘

and then Refresh to show the true aspect ratio of the solenoid, and the mesh cre-
ated for this model.

Next, the analysis module which is to be used needs to be specified. From the
main menu select

FILE |
Write file — Analysis data

Select the static analysis module (ST) and accept all defaults from the static anal-
ysis options by hitting Return.

It is now necessary to store the model by selecting

FILE |
Write file — Write model

entering sol asthe selected file name and pressing Accept.

|
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Analysis

In order to launch the Static Analysis modul e select

FILE |
Start analysis

Within the Sstart Analysis menu select the appropriate filename (sol) and
Accept.

OPERA-2d then reports on the progress of the solution.

On successful completion, the solution process has created a solution file, sol.st.
This contains the solution data from the static analysis for post processing.

]
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OPERA-2d Post Processor

Reading and displaying the solution
All previous settings within the pre and post processor may be cleared before post
processing the model by selecting
OPTIONS |

Clear and reset

The file sol.st should be read into the post processor as shown in the previous
example. A message box is displayed showing the units setting. This can be
cleared by hitting any key or mouse button.

To display the model with a 1:1 aspect ratio:

DISPLAY |
Axes limits

Display Axes Limits

Horizontal axis

Left ‘ 0 ‘

Right \ 6 \
Vertical axis

Bottom ‘ 0

Top ‘ 6 ‘

Dismiss

followed by Refresh

In this case adisplay with an aspect ratio other than 1:1 may be more useful. This
will result in the display being distorted but details can be seen more clearly. To
do this:

DISPLAY |
Axes limits

OPERA-2d User Guide January 2002
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Display Axes Limits

Horizontal axis

Left ‘ 0 ‘
Right ‘ 2 ‘
Vertical axis
Bottom ‘ 0 ‘
Top ’ 6 ‘

DISPLAY |
Style — Fill materials
Style — Return
Nodes — No vertices/nodes
Style — Return
+Labels (toggles to -labels)
Refresh

In addition to changing the size of the display other changes have been made:-

» Style: (fill materials) causes the different materials to be outlined instead of
each region.

* Nodes: (no vertices/nodes) causes ho nodes to be displayed.

* +Labels: (changesto -Labels) causes no labelsto be displayed.

The new display is shown in Figure 8.9

Line Contours of Vector Potential

Beforeinvesting agreat deal of timein the analysis of any model, the user should
verify that the results being analysed are reasonable.

One of the easiest things to check isthe flux pattern. The static analysisis solved
in terms of amodified vector potential and equipotential contours are equivalent
toflux linesin RZ coordinates. To seethese contours of modified vector potential:

FIELDS |

Contour plot — Execute

A message box displaying the model RMS error is given. This can be cleared by
hitting any key or mouse button. The equipotential line contours of vector poten-

]
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Z [cm]
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UNITS
Length
Flux density
Field strength
Potential
Conductivity
Source density :
Power :
Force
Energy
Mass

rcm
T
tAm?
tWb m
:Sm*

:N
)
tkg

Acm®
w

SOL.S
Linear elements
Axi-symmetry

Magnetic fields
Static solution

1373 elements
715 nodes
17 regions

PROBLEM DATA
ST

Modified R*vec pot.

Scale factor = 1.0

11/Jan/97 10:15:13 Page 3

Figure8.9 The Model Displayed in the post processor

VF_ Pc-OPERA

Pre and Post-Processor 7.0

tial over the whole model are displayed as shown in Figure 8.10. These should be
checked to ensure that they agree with expected magnetic performance of the
solenoid. If errors appear to be present then the model should be modified to cor-
rect the error and the analysis re-run.

Z [cm]

UNITS
Length :
Flux density
Field strength
Potential
Conductivity
Source density :
Power :
Force
Energy
Mass

rcm

T
CAm?
:Wh m
:Sm*

N
:J
1kg

Acm®
w

SOL.ST
Linear elements
Axi-symmetry

Magnetic fields
Static solution

1373 elements
715 nodes
17 regions

PROBLEM DATA

Modified R*vec pot.

Scale factor = 1.0

11/Jan/97 10:17:21 Page 4

V Pc-OPERA

Pre and Post-Processor 7.0

Figure8.10 Equipotential line contoursof modified vector potential - equivalent to

lines of magnetic flux
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Zone Contours of Flux Density Magnitude

To examine the magnitude of flux density, bmod is selected as the component to

be analysed:
FIELDS |
Component
Component = BMOD
Accept ‘ ‘ Dismiss
FIELDS |

Contour plot — Style — Filled zones

Contour plot — Style — Return

Contour plot — No refresh (Toggles to Refresh)
Contour plot — Execute

The picture is redrawn and colour bands of flux density are drawn on the model
aswell as on the scale at the bottom of the picture as shown in Figure 8.11.

UNITS
Length rem
Fluxdensity T

Field strength : Am’
Potential tWb m™*
Conductivity :Sm*
Source density: A cm”®
Power ‘W

PROBLEM DATA
sol.st
Linear elements
Axi-symmetry
Modified R*vec pot.
Magnetic fields
Static solution
Scale factor = 1.0
1393 elements
725 nodes
17 regions

Component: BMOD
0.000143692

135222 Pages |

V- OPERA-2d

Pre and Post-Processor 7.1

Figure8.11 Contour plot of the magnitude of flux density

Line Graphs

Graphsrepresenting linesin the two dimensional space may be drawn. The appro-
priate component needs to be selected prior to drawing the graph. To see aline
graph of the Z component of flux density at the base of the plunger (region 5):

]
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Component =

bz

Accept ‘

‘ Dismiss

Graphs — Along line ...

and select Solid line

Graphs — Along line ...
... options — Return
Graphs — Along line

. options — line style

Start X coordinate
...... Y coordinate
End X coordinate
....Y coordinate
Curvature of line
Number of points

o O B O o
BN

100

Accept ‘

Dismiss

The resulting display is shown in Figure 8.12

1.0
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UNITS
Length :cm
Flux density T
Field strength :Am™
Potential :Wh m
Conductivity —:Sm*
Source density : A cm?
Power TW
Force N
Energy :J
Mass tkg

PROBLEM DATA
SOL.ST
Linear elements
Axi-symmetry
Modified R*vec pot.
Magnetic fields
Static solution
Scale factor = 1.0
1373 elements
715 nodes
17 regions

(Lot o200 page ]
VF_ Pc-OPERA

Pre and Post-Processor 7.0

Figure8.12 A Line Graph of BZ at the base of the Plunger
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Line Integration

To calculate the total force on abody, in this case theforce on the plunger (regions
5to 7), anintegration surface around the body is defined. Working in two dimen-
sional space, OPERA-2d calculates the total force on a body by performing a
series of line integrals encircling the body. The line integrals must be in an anti-
clockwise direction.

In this example, the first line would be:

FIELDS |
Integrals — Along line

Start X coordinate = 0
...... Y coordinate = 0.4
End X coordinate = 0.45
....Y coordinate = 0.4
Curvature of line = 0
Error(<1l) or No. of = 0.01
steps (>1)

Accept ‘ ‘ Dismiss

A message box displays
WARNING Integration path is not all in air

and indicates that the line integral is taken right on the interface between regions
1 and 5. The program correctly performs the integration by evaluating the Max-
well stresses asif the lineis avanishingly narrow cut in the material. It isrecom-
mended that line integrals be performed in air regions where possible, for
improved accuracy. Hit any key to clear the message box. Theintegration results
appears in asecond message box and this can also be cleared.

To find the total force, two more line integrals must be performed and the results
(integral of z-component of Maxwell Stress) must be added together. The addition
can be automatically performed by making use of the ACCUMULATOR feature
inthe Lineintegral option which adds the results to atotal after each line integral
iscompleted. The last two line integrals are carried out in thisway:

]
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FIELDS |
Integrals —..... Options
(Under line integral) — Accumulate — Add
Integrals —..... Options
(Under line integral) — Accumulate — Return
Integrals — ..... Options
(Under line integral) — Return
FIELDS |
Integrals — Along line
Start X coordinate = 0.45
...... Y coordinate = 0.4
End X coordinate = 0.45
....Y coordinate = 7
Curvature of line = 0
Error(<l) or No. of = 0.01
steps(>1)
Accept ‘ ‘ Dismiss
FIELDS |
Integrals — Along line
Start X coordinate = 0.45
...... Y coordinate = 6.05
End X coordinate = 0
....Y coordinate = 7
Curvature of line = 0
Error(<l) or No. of = 0.01
steps (>1)
Accept ‘ ‘ Dismiss

Theintegral of Maxwell stressis shown each timethelineintegral isused aswell
as the accumulated integrals when the accumulator is used. It is not necessary to
integrate along the Z-axis since the three integrals describe a cylinder that com-
pletely surrounds the plunger.

To end the current session now and close the pre and post processor:

FILE |
End OPERA-2d/pp

|
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A Permanent Magnet M otor Example

| ntroduction

Version 8.5

This example of asimplified six pole permanent magnet synchronous motor will
illustrate the use of several features, some of which have not been included in pre-

vious examples. They are:

Using model symmetry

Copy command
Replication feature

Permanent magnets

Symmetry boundary conditions

BH curves
Quadratic elements

Since the motor has rotational periodicity (Symmetry), only a single sector needs
to be modelled (in this case - 60 degrees). This reduces the amount of work
needed to create the model and reduces the number of elements and nodes
required. Figure 9.1 shows the complete model.

|
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Y [cm]

50

Length ‘om
Flux density : T
Field strength: Am™
Potential :Wbm*
Conductivity :Sm”*
Source density A cm”
Power W

Force HY
Energy J
Mass. kg

PROBLEM DATA
pmm
Quadratic elements
XY symmet
Vector potential
Magnetic fields
1368 elements
2803 nodes
8 regions
6 symm pairs

19/3an/97 13:39:06 Page 28

V- OPERA-2d

Pre and Post-Processor 7.0

Figure9.1 The complete model
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Pre Processing

Setting the Pre and Post Processor Environment

Launch OPERA-2d and enter the pre and post processor as described in previous
tutorials. Change the default S.1. unitsto amore suitable set.

UNITS |
Length unit — Centimetre
Length unit — Return
Density unit — Amps/cm**2
Density unit — Return
Return

The axes dimensions also need to be set to be suitable for a stator radius of 5 cm.
To do this:

DISPLAY |
Axes limits

Display Axes Limits

Horizontal axis

Left ‘ 0 ‘
Right ‘ 5 ‘
Vertical axis
Bottom ‘ 0 ‘
Top ’ 5 ‘

Refresh

Model information is given on the right hand side of the graphics display. It can
be seen that the default element typeislinear. It is recommended to solve a prob-
lem with linear elements initially, so that the model solution can be validated.
After this, quadratic elements can be used to obtain an improved sol ution accept-
ing the associated increase in computational effort and time.

However in this example, quadratic elements will be used to demonstrate their
application. This will reduce the RMS error and produce more accurate results.
Select

]
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MODEL
Solution Type — Quad elements (Linear elements) toggle
and the menu item will toggleto Quad elements. Then
Solution Type — Return
The material label to be used when drawing the stator regions will now be set.

Material label 5 and a permeability of 2500 will be used, although material char-
acteristics may easily be modified at alater stage.

Draw regions — Region defaults ...
. material type

Material label = 5
Mu or epsilon = 2500
Density = 0
Conductivity = 0
Phase/angle = 0
Velocity = 0

‘ Accept ‘ ‘ Dismiss

Entering Construction Lines

To outline the model geometry, construction lines may be used. These are drawn
by selecting

Draw regions — New region ...
. Polygon — Enter C lines — Line

and then completing the box as shown below.

Start X = 0
...... Y = 0
Finish X = 5.4
...... Y = 0
Rotation = 0
Accept ‘ ‘ Dismiss ‘

and the construction line will appear on the screen from (0,0) to (5.4,0).

Construction lines do not form part of the model but are useful for defining points
within the geometry.

|
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Severa construction lines are needed so the following lines should be added in
the same fashion.

Start X = 0
...... Y = 0
Finish X = 5.4
...... Y = 0
Rotation = 60
Accept ‘ ‘ Dismiss
Start X = 0
..... Y = 0
Finish X = 5.4
...... Y = 0
Rotation = 10
Accept ‘ ‘ Dismiss
Start X = 0
...... Y = 0
Finish X = 4.5
...... Y = 0
Rotation = 4
Accept ‘ ‘ Dismiss
Start X = 0
...... Y = 0
Finish X = 2.7
...... Y = 0
Rotation = 7.5
Accept ‘ ‘ Dismiss

Arced construction lines can be added by selecting

]
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Draw regions — New region ...
. Polygon — Enter C lines — Arc

Centre X = 0
...... Y = 0
Start R = 5.4
..... Theta = 0
Finish R = 5.4
..... Theta = 60
Accept ‘ ‘ Dismiss
Centre X = 0
....... Y = 0
Start R = 4.5
...... Theta = 0
Finish R = 4.5
...... Theta = 60
Accept ‘ ‘ Dismiss
Centre X = 0
....... Y = 0
Start R = 2.7
..... Theta = 0
Finish R = 2.7
..... Theta = 60
Accept ‘ ‘ Dismiss
Centre X = 0
....... Y = 0
Start R = 2.5
..... Theta = 0
Finish R = 2.5
... Theta = 60
Accept ‘ ‘ Dismiss

Draw regions — New Region ...
. polygon — Enter C lines — Return

|
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Drawing the Stator Tooth

To help draw the stator, the display will be resized by

MODEL |
Zoom display — Numerical axes limits

Display Axes Limits

Horizontal axis

Left ‘ 2.2 ‘

Right ‘ 5.4 ‘
Vertical axis

Bottom ‘ 0

Top | 1 ‘

The stator tooth will be constructed by connecting the region vertices. These can
be identified with intersection points of the construction lines. Figure 9.2 shows
region 1 completed.

UNITS
Y [em] o Length tem
09 = Flux density : T
- Field strength : A m
~ Potential ‘Wb m?*
/ Conductivity :Sm*
0.8 o= Source density A cm®
Power w
Force N
L Energy 23
0.7 Mass kg
0.6
05
PROBLEM DATA
04 Quadratic elements
XY symmetry
o Vector potential
03 7 Magnetic fields
2 _— No mesh
o 0 regions
02F L
01—
o——1 >L~>< A s
0075, 2.8 3.2 36 4.0 4.4 438 52
X [cm]
T2/3an/97 151050 Page 4
w OPERA-2d
re and Post-Processor 7.0

Figure9.2 Thefirst region - Half the stator tooth

Draw regions — New region ...
... Polygon — Mouse Input — At Intersection

]
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Use the mouse to select the intersections of construction lines near the following
points (you may need to temporarily hide the menus by pressing F1).

54, 0
45, 0
27, 0
25, 0
25, 03
27, 03
27, 02
45, 03
45, 0.6
54, 08

Draw regions — New region ...
. Polygon — Mouse Input — Close polygon
Draw regions — New region ...
. Polygon — Mouse Input — Return
Draw regions — New region ...
. Polygon — Return
Draw regions — Return

It is more efficient to set the correct number of subdivisions and curvature of
sides, before any copies are made. To modify region 1, click on

MODEL |
Modify regions — Modify sides ...
. by picking — All properties...
. of one side

and select the side by clicking the mouse inside region 1 at
53, 04
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and fill in the box as shown below.

Modify Side

Subdivision ’ 2 ‘
Curvature ’ 1/5.4 ‘
Bias \ 0.5 \

Boundary Conditions
B None

O Assigned potential
O zero normal deriv.
O periodic symmetry.

Potential Value [:::::::::::]

’ Accept ‘ ‘ Quit ‘

Continue modifying the other sides of region 1 as shown below.

MODEL |

Modify regions — Modify sides ...
. by picking — All properties...
. of one side

mouse click at: 5, 0.7

Modify Side

Subdivision ‘ 3 ‘
Curvature ‘ 0 ‘
Bias ’ 0.5 ‘

Boundary Conditions
B None

O Assigned potential
O zero normal deriv.
O periodic symmetry

Potential Value [:::::::::::]

‘ Accept ‘ ‘ Quit ‘

OPERA-2d User Guide



9-10 Chapter 9 - A Permanent Magnet Motor Example

MODEL
Modify regions — Modify sides ...
. by picking — All properties...
. of one side
mouse click at: 4.5, 0.4

Modify Side

Subdivision ’ 2 ‘

Curvature | -1/4.5 ‘

Bias | 0.5 \

Boundary Conditions
B None

O Assigned potential
O zero normal deriv.
O periodic symmetry

Potential Value [:::::::::::]

’ Accept ‘ ‘ Quit ‘

MODEL |
Modify regions — Modify sides ...
. by picking — All properties...
. of one side

|
OPERA-2d User Guide January 2002



Pre Processing

Version 8.5

mouse click at: 3.5, 0.2

MODEL |

9-11

Modify Side

Subdivision |

8
Curvature | 0

Bias \ 0.5

Boundary Conditions
B None

O Assigned potential
O zero normal deriv.

O periodic symmetry

Potential Value [:::::::::::]

| Accept ‘ ‘ Quit

Modify regions — Modify sides ...
. by picking — All properties...

mouse click at: 2.65, 0.25

. of one side

Modify Side

Subdivision ‘ 2
Curvature ‘1/2.7 ‘
Bias ‘ 0.5 ‘

Boundary Conditions
B None

O Assigned potential
O zero normal deriv.

O periodic symmetry

Potential Value [:::::::::::]

‘ Accept ‘ ‘ Quit
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MODEL |
Modify regions — Modify sides...
. by picking — All properties...
. of one side

mouse click at: 2.55, 0.3

Modify Side

Subdivision

| 3
Curvature | 0

Bias | 0.5 \

Boundary Conditions
B None

O Assigned potential
O zero normal deriv.
O periodic symmetry

Potential Value [:::::::::::]

| Accept ‘ ‘ Quit ‘

MODEL |
Modify regions — Modify sides — All properties...
. of one side

|
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mouse click at: 2.5, 0.2

MODEL |

9-13

Modify Side

Subdivision | 10 ‘
Curvature | -1/2.5 ‘
Bias \ 0.5 \

Boundary Conditions
B None

O Assigned potential
O zero normal deriv.
O periodic symmetry

Potential Value [:::::::::::]

| Accept ‘ ‘ Quit ‘

Modify regions — Modify sides...
. by picking — All properties...
. of one side

mouse click at: 2.6, 0

Modify Side

Subdivision ‘ 2 ‘
Curvature ‘ 0 ‘
Bias ‘ 0.5 ‘

Boundary Conditions
B None

O Assigned potential
O zero normal deriv.
O periodic symmetry

Potential Value [:::::::::::]

‘ Accept ‘ ‘ Quit ‘
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MODEL |
Modify regions — Modify sides ...
. by picking — All properties...
...of one side

mouse click at: 3.5, 0

Modify Side

Subdivision

| 8
Curvature | 0 ‘

Bias | 0.5 \

Boundary Conditions
B None

O Assigned potential
O zero normal deriv.
O periodic symmetry

Potential Value [:::::::::::]

| Accept ‘ ‘ Quit ‘

MODEL |
Modify regions — Modify sides ...
. by picking — All properties...
. of one side
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mouse click at: 5, 0

9-15

Modify Side

Subdivision

| 3
Curvature | 0

Bias \ 0.5 \

Boundary Conditions
B None

O Assigned potential
O zero normal deriv.
O periodic symmetry

Potential Value [:::::::::::]

| Accept ‘ ‘ Quit ‘

Modify regions — Modify sides ...

. by picking — Return

Modify regions — Return

Return

To see the mesh that has been created in region 1 click on

DISPLAY |

-Mesh (toggles to +mesh)

Axes limits

Display Axes Limits

Horizontal axis

Left ‘ 0 ‘

Right ‘ 5 ‘
Vertical axis

Bottom ‘ 0

Top ‘ 5 ‘

Refresh

The display including the mesh is shown in Figure 9.3.
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V- OPERA-2d

Figure9.3 Thedisplay of the mesh for region 1

Using Copies and Replications

OPERA-2d alows two distinct methods of producing new regions with the same
geometry as existing regions.

These are:-

» Copy
This produces a new region (with a new number). Once created, the new
region may be modified or deleted without affecting the region from which it
was copied.

* Replication

This produces a clone of the original region. Any modifications (including
deletion) will affect the region from which it was replicated.

The remainder of the stator core will be made by making copies and replications
of region 1.

It is possible to produce all the regions of the stator core geometry from region 1,
by replication. However it is not permitted to set periodic boundary conditions on
aregion with replications. Hence the two regions (region 1 and a copy, region 2)
which will take the periodic boundary condition, will be created as separate
regions. Region 3, another copy of region 1, isused for replications.

To create region 2, acopy of region 1 is made. Select

|
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MODEL |
Copy regions — Region numbers

First region = 1
Last region = 1
Accept ‘ ‘ Dismiss ‘
Copy Operation
Displacement in X ‘ 0 ‘
Displacement in Y ‘ 0 ‘
Angle ‘ 30
Use angle as:
[ rotation
B Mirror plane
| Accept ‘ | Quit
Regions 1 and 2 are shown in Figure 9.4.
sor UNITS
Y [cm] Length som
45 ek Suonan: A m*
Potential Wb m*
Conductivity :Sm
40— Source dens\ly.A cm?®
Foee N
35 e g
3.0
25
PROBLEM DATA
20 Quadratic elements
Xy e
15— m:gmn:;(‘: fields
1 region
1.0 T
05 o
S e e R M—
080 05 10 15 20 25 30 35 40 45 50 55 6
X [cm]
S T
V- OPERA-2d
e ratrcmer 1o

Figure 9.4 Regions1and 2 of the stator core

To create region 3, another copy of region 1 is made:

]
Version 8.5 OPERA-2d User Guide



9-18

OPERA-2d User Guide

Chapter 9 - A Permanent Magnet Motor Example

Copy regions — Region numbers

First region

Last region

Accept ‘ ‘

Dismiss ‘

Copy Operation

Displacement in X ‘

0
Displacement in Y ‘ 0

Angle ‘ 10

Use angle as:

O rotation

B Mirror plane

‘ Accept ‘ ‘

Quit

The remaining parts of the stator core will be created as replications of region 3.

Select

Modify regions — Modify region — Pick region

an select region 3 by clicking the mouse at coordinate:

5, 1

Then set the replication data for region 3 by choosing

Modify region — Pick region — Replication — Rotational sym.

Modify

Modify
Modify
Modify
Modify

Number of instances

Angle of rotation

2
20

Accept ‘ ‘

Dismiss ‘

region — Pick region — Replication — Mirror on

Mirror angle

20

Accept ‘ ‘

Dismiss ‘

region — Pick region — Replication — Return
regions — Modify region — Pick region — Return
regions — Modify region — Return

regions — Return
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The complete stator is drawn as shown in Figure 9.5. Any modifications made to
the replicated regions affect the original region 3. Similarly, any changes made to
the original region 3 will affect the replications.

501

UNITS
Length ‘om
Flux density :T
Field strength: A m
Potential Wb m*
Conductivity :Sm”*
Source density A cm”
Power TW
Force HY
Energy J
Mass kg

Y [cm]
45

40

35

3.0

25

PROBLEM DATA
Quadratic elements
XY symmetry
Vector potential
Magnetic fields
No mesh

1 region

20

15

1.0

0.5

ol 1= i T i Vil S
Bo 05 10 15 20 25 30 35 40 45 50 55 6.
X [em]

19/3an/97 12:31:25 Page 6

Figure9.5 The stator core- Copiesand replications of region 1

Drawing the Conductor Regions

The three conductors will be drawn from one region with two replications. This
means that each dot will carry the same current. The material properties will be
given amaterial label of 1 with a permeability of 1. These are set by:

Draw regions — Region defaults ...
. material type

Material label

Mu or epsilon =

Density =
Conductivity =

o O o R B

Phase/angle =
Velocity = 0

‘ Accept ‘ ‘ Dismiss

Then the region may be drawn:

]
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Draw regions — New region ...
. Polygon — Mouse input — At old point

45, 1

45, 0.6
45, 0.2
27, 02
27, 03
26, 06
26, 08

Draw regions — New region ...
. Polygon — Mouse input — Close polygon

Region 4 is created.

Draw regions — New region ...

. Polygon — Mouse input — Return
Draw regions — New region ...

. Polygon — Return
Draw regions — Return

The number of subdivisions along one of the sides will be changed in region 4, to
improve the mesh click on

MODEL |
Modify regions — Modify sides ...
. by picking — All properties...
. of one side

Click mouse inside region 4 near (2.7,0.5)

Modify Side

Subdivision ’ 4 ‘
Curvature ’ 0 ‘
Bias [ 0.5 |

Boundary Conditions
B None

O Assigned Potential
O zero normal Deriv.
O periodic Symmetry

Potential Value [:::::::::::]

Quit ‘

] Accept ‘ ‘

OPERA-2d User Guide
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Modify regions — Modify sides...
. by picking — Return

Since the area of region 4 isknown at this stage, it can be used to define a current
density equivalent to a total current of 400 A. Modifications to region 4 will
involve changing this current density and setting the replications.

Modify regions — Modify Region — Pick Region

Click mouse inside region 4 near (2.7,0.5)

Modify regions — Modify Region — Pick region — Material data

Material label = 1
Mu or epsilon = 1
Density = 400/area
Conductivity = 0
Phase/angle = 0
Velocity = 0

‘ Dismiss

Now modify the replication data of this region by

Modify region — Pick Region — replication — Rotational sym.

Number of instances = 3
Angle of rotation = 20
Accept ‘ ‘ Dismiss

Modify region — Pick Region — Replication — Return
Modify regions — Modify Region — Pick Region — Return
Modify regions — Modify Region — Return

Modify regions — Return

The result of thisis shown in Figure 9.6

Drawing the Rotor

Consgtruction lines will be used to outline the geometry of the rotor. Resizing the
display ready to input the rotor:

]
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5.0

UNITS
Length ‘em
Flux density : T
Field strength : A m*
Potential ‘Wb m*
Conductivity : S m
Source density A cm”
Power TW
Force HY
Energy 23
Mass kg

Y [cm]

PROBLEM DATA
Quadratic elements
XY symmetry
Vector potential
Magnetic fields
No mesh

4 regions

X e
30 35 40 45 50 55 6.
X [cm]

T T Page®
V- OPERA-2d

Pre and Post-Processor 70

Figure9.6 Thecomplete stator - Including conductors

MODEL |
Zoom display — Numerical axes limits

Display Axes Limits

Horizontal axis

Left ‘ 0 ‘

Right ‘ 2.5 ‘
Vertical axis

Bottom ‘ 0

Top ‘ 2.5 ‘

Enter the construction lines

Draw regions — New region ...
... Polygon — Enter C lines — Arc

|
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Centre X = 0
....... Y = 0
Start R = 2.45
...... Theta = 0
Finish R = 2.45
..... Theta = 60
Accept ’ ’ Dismiss
Centre X = 0
....... Y = 0
Start R = 0.8
...... Theta = 0
Finish R = 0.8
..... Theta = 60
Accept ‘ ‘ Dismiss

Draw regions — New region...
. Polygon — Enter C lines — Line

Start X = 2.2
...... Y = 0
End X = 2.2
Y = 0.8
Rotation = 0
Accept ‘ ‘ Dismiss
Start X = 0.7
...... Y = 0
End X = 0.7
Y = 0.8
Rotation = 0
Accept ‘ ‘ Dismiss
Start X = 0.7
...... Y = 0.8
End X = 2.45
Y = 0.8
Rotation = 0
Accept ‘ ‘ Dismiss

]
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Start X = 0.7
...... Y = 0.5
End X = 2.2
Y = 0.5
Rotation = 0
Accept ‘ ‘ Dismiss

Draw regions — New region...
. Polygon — Enter C lines — Return

Since thisis a permanent magnet motor, the rotor has two material labels associ-
ated with it, therotor steel and the permanent magnet. The permanent magnet will
be created by:

Draw regions — New region ...
. Polygon — Mouse input — At intersection

and select the construction line intersections at

22, 05
22, 08
0.7, 0.8
0.7, 05

Draw regions — New region ...
. Polygon — Mouse input — Close polygon

Region 5is created.

The pre and post processor retains the material characteristics chosen previously
and this is confirmed by the permanent magnet region being drawn in red. The
region materia will be changed to a hard magnetic material (permanent magnet)
later.

Drawing the rotor core select

Draw regions — New region...
. Polygon — Mouse input — At intersection

245, 0
24, 03
22, 025
22, 05
0.7, 05
0.7, 0.8
22, 08
23, 08
12, 21

|
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0.4, 0.7
08, O
Draw regions — New region ...
. Polygon — Mouse input — Close polygon

Region 6 is created.

The next section to be created is the stainless stedl shaft. Since a magnetostatic
solution isrequired and the shaft is non-magnetic, it may be represented asan air
region. Begin by:
Draw regions — New region ...

. Polygon — Mouse input — At intersection

08, O
04, 0.7
0, 0

Draw regions — New region ...
. Polygon — Mouse input — Close polygon

Region 7 is created.

Draw regions — New region ...

. Polygon — Mouse input — Return
Draw regions — New region ...

. Polygon — Return
Draw regions — Return

Therotor section has straight region sidesinstead of the expected curved lines, in
addition to having the incorrect material characteristics, as can be seen in
Figure 9.7

These will be changed by modifying the regions. The material characteristics for
regions 5 to 7 may be changed as follows:

Modify regions — Modify Region — Pick Region

Click mouse inside region 5 near (1.6,0.6)

]
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UNITS
Length ‘em
Flux density : T
Field strength : A m*
Potential ‘Wb m*
Conductivity : S m
Source density A cm”
Power TW
Force HY
Energy 23
Mass kg

Y [cm]

PROBLEM DATA
Quadratic elements
XY symmetry
Vector potential
Magnetic fields
No mesh

7 regions

V- OPERA-2d

Pre and Post-Processor 70

Figure9.7 Therotor requiresfurther modification

Modify regions — Modify Region — Pick Region — Material data

Material label = 6
Mu or epsilon = 1.1
Density = 0
Conductivity = 0
Phase/angle = 90
Velocity = 0

‘ Dismiss

Modify regions — Modify region — Pick Region — Return

The Phase/angle parameter in the Material data specifies the magnetisation direc-
tion of the material.

Modify regions — Modify Region — Pick Region

Click mouse inside region 6 near (1.5,1.2)

|
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Modify regions — Modify Region — Pick Region — Material data

Material label = 4
Mu or epsilon = 2500
Density = 0
Conductivity = 0
Phase/angle = 0
Velocity = 0

’ Dismiss

Modify regions — Modify Region — Pick Region — Return
Modify regions — Modify Region — Pick Region

Click mouse inside region 7 near (0.4,0.3)

Modify regions — Modify Region — Pick Region — Material data

Material label = 0
Mu or epsilon = 1
Density = 0
Conductivity = 0
Phase/angle = 0
Velocity = 0

Modify regions — Modify Region — Pick Region — Return
Modify regions — Modify Region — Return

Theregion subdivisions and line curvatures will now be set inregions 5, 6, and 7.
The line curvature changes may be seen as they are made but the subdivision
change will only be noticed when the mesh is displayed.

To make the changes:

MODEL
Modify regions — Modify sides ...
. by picking — All properties...
. of one side

]
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Click mouse inside region 6 near (1.6,1.4)

Modify Side

Subdivision ’ 50 ‘
Curvature ’ -1/2.45 ‘
Bias \ 0.5 \

Boundary Conditions
B None

O Assigned Potential
O zero normal Deriv.
O periodic Symmetry

Potential Value [:::::::::::]

’ Accept ‘ ‘ Quit ‘

Continue making the modifications listed below.

MODEL |
Modify regions — Modify sides ...
. by picking — All properties...
. of one side

Click mouse inside region 6 near (1.0,1.4)

Modify Side

Subdivision ‘ 10 ‘
Curvature ‘ 0 ‘
Bias ‘ 0.5 ‘

Boundary Conditions
B None

O Assigned Potential
O zero normal Deriv.
O periodic Symmetry

Potential Value [:::::::::::]

‘ Accept ‘ ‘ Quit ‘

OPERA-2d User Guide
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MODEL |
Modify regions — Modify sides ...
. by picking — All properties...
. of one side

Click mouse inside region 6 near (0.6,0.4)

Modify Side

Subdivision ’ 1 ‘
Curvature | 1/0.8 ‘
Bias | 0.5 \

Boundary Conditions
B None

O Assigned Potential
O zero normal Deriv.
O periodic Symmetry

Potential Value [:::::::::::]

’ Accept ‘ ‘ Quit ‘

MODEL |
Modify regions — Modify sides ...
. by picking — All properties...
. of one side

]
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Click mouse inside region 6 near (1.4,0.1)

Modify Side

Subdivision ’ 10 ‘
Curvature ’ 0 ‘
Bias \ 0.5 \

Boundary Conditions
B None

O Assigned Potential
O zero normal Deriv.
O periodic Symmetry

Potential Value [:::::::::::]

’ Accept ‘ ‘ Quit ‘

MODEL |
Modify regions — Modify sides ...
. by picking — All properties...
. of one side

Click mouse inside region 6 near (2.4,0.2)

Modify Side

Subdivision ’ 10 ‘
Curvature ‘ -1/2.45 ‘
Bias ‘ 0.5 ‘

Boundary Conditions
B None

O Assigned Potential
O zero normal Deriv.
O periodic Symmetry

Potential Value [:::::::::::]

’ Accept ‘ ‘ Quit ‘

|
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MODEL |
Modify regions — Modify sides...
. by picking — All properties...
. of one side

Click mouse inside region 6 near (2.3,0.3)

Modify Side

Subdivision ’ 3 ‘
Curvature | 0 ‘
Bias | 0.5 \

Boundary Conditions
B None

O Assigned Potential
O zero normal Deriv.
O periodic Symmetry

Potential Value [:::::::::::]

’ Accept ‘ ‘ Quit ‘

MODEL |
Modify regions — Modify sides...
. by picking — All properties...
. of one side

]
Version 8.5 OPERA-2d User Guide



9-32 Chapter 9 - A Permanent Magnet Motor Example

Click mouse inside region 6 near (2.2,0.4)

Modify Side

Subdivision ’ 4 ‘
Curvature ’ 0 ‘
Bias \ 0.5 \

Boundary Conditions
B None

O Assigned Potential
O zero normal Deriv.
O periodic Symmetry

Potential Value [:::::::::::]

’ Accept ‘ ‘ Quit ‘

MODEL |
Modify regions — Modify sides...
. by picking — All properties...
. of one side

Click mouse inside region 5 near (2.2,0.6)

Modify Side

Subdivision ’

6
Curvature ’ 0 ‘

Bias \ 0.5 \

Boundary Conditions
B None

O Assigned Potential
O zero normal Deriv.
O periodic Symmetry

Potential Value [:::::::::::]

’ Accept ‘ ‘ Quit ‘

|
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MODEL |
Modify regions — Modify sides...
. by picking — All properties...
. of one side

Click mouse inside region 5 near (1.6,0.5)

Modify Side

Subdivision ’ 8 ‘
Curvature | 0 ‘
Bias | 0.5 \

Boundary Conditions
B None

O Assigned Potential
O zero normal Deriv.
O periodic Symmetry

Potential Value [:::::::::::]

’ Accept ‘ ‘ Quit ‘

MODEL |
Modify regions — Modify sides...
. by picking — All properties...
. of one side

]
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Click mouse inside region 5 near (0.8,0.6)

Modify Side

Subdivision

] 3
Curvature ’ 0

Bias \ 0.5 \

Boundary Conditions
B None

O Assigned Potential
O zero normal Deriv.
O periodic Symmetry

Potential Value [:::::::::::]

’ Accept ‘ ‘ Quit ‘

MODEL |
Modify regions — Modify sides...
. by picking — All properties...
...of one side

Click mouse inside region 5 near (1.6,0.8)

Modify Side

Subdivision

] 8
Curvature ‘ 0 ‘

Bias ‘ 0.5 ‘

Boundary Conditions
B None

O Assigned Potential
O zero normal Deriv.
O periodic Symmetry

Potential Value [:::::::::::]

’ Accept ‘ ‘ Quit ‘

|
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MODEL |
Modify regions — Modify sides...
. by picking — All properties...
. of one side

Click mouse inside region 7 near (0.3,0.4)

Modify Side

Subdivision ’ 3 ‘
Curvature | 0 ‘
Bias | 0.5 \

Boundary Conditions
B None

O Assigned Potential
O zero normal Deriv.
O periodic Symmetry

Potential Value [:::::::::::]

’ Accept ‘ ‘ Quit ‘

MODEL |
Modify regions — Modify sides...
. by picking — All properties...
. of one side

]
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Click mouse inside region 7 near (0.4,0)

Modify Side

Subdivision

] 3
Curvature ’ 0

Bias \ 0.5 \

Boundary Conditions

B None

O Assigned Potential
O zero normal Deriv.
O periodic Symmetry

Potential Value [:::::::::::]

’ Accept ‘ ‘ Quit ‘

Modify regions — Modify sides...

...by picking — Return
Modify regions — Return
Return

To re-display with the mesh shown:

DISPLAY |
-Mesh (toggles to +Mesh)

DISPLAY |
refresh

Regions 5, 6, and 7 are displayed with the finite element mesh as shown in
Figure 9.8. The elements in region 5 are quite large in comparison to the sur-
rounding regions. This is a characteristic of polygon regions such as region 5
which have alarge (poor) aspect ratio.

There are several ways to improve the mesh in region 5. Examples include:-

» Increasing the number of elements on the edges of the region. Thisis not very
effective for regions with a poor aspect ratio.

 Subdividing the region into two or more regions. This requires modifying the
region geometry or deleting the region to allow two or more regions to be
drawn.

» Changing the shape code of the region.

|
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UNITS
Length rom
Flux density T
Field strength: Am™
i ‘Wb m®

Y [cm] 24~

22

Conductivity :Sm”*
Source density A cm”
Power TW
Force HY
Energy J
Mass kg

20

1.8

16

1.4

12

PROBLEM DATA

1.0
Quadratic elements
XY symmet
Vector potential
Magnetic fields
No mesh

7 regions

/X

A AR RmT
V- OPERA-2d
e 0 Possroesssor .0

Figure9.8 Therotor including finite element mesh

Inthis case, region 5 will be changed from a polygon shaped region (the default)
to ashape Q region. Do this by:

MODEL
Change regions — Region numbers

First region = 5
5
Accept ‘ ‘ Dismiss

Last region

New shape code
Regular Quad (H)

Graded Quad (Q)

Polygon

O0OwmO

Background

Change Regions

Return

and select Graded quad (Q) followed by Change regions

By redrawing the display the effect of changing the shape of region 5 may be seen:

Zoom display — Same size

Thefinal region to be created isthe arguable between therotor and the stator. First
set the properties of the region to be drawn by

]
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MODEL |
Draw regions — Region defaults ...
. material type

Material label
Mu or epsilon =

Density =
Conductivity =

o O o B o

Phase/angle =
Velocity = 0

When theregion is created, the subdivisions along the edges will correspond with
the existing edge subdivisions so that the mesh will be continuous.

Along the X axis and along the 60 degree line, the number of subdivisions must
be set asthese sides are the outer boundaries of the model. This may be achieved
after the region is created with the modify command or it may be set while the
region is being drawn with the element size command.

If the element size command is used when creating a region, the maximum size
of the elements along the edges of the region are specified. Thisisin contrast to
setting the number of subdivisions along an edge, but accomplishes the same
function.

Draw regions — New region ...
. Polygon — Mouse input — Element size

| Element size = 1/3 I

With the element size set, existing points may be used to draw the region:

Draw regions — New region ...
. Polygon — Mouse input — At old point

and click near the following points.

245, 0.0
24, 03
22, 02
22, 05
22, 08
23, 08
12, 21
12, 22
16, 20

|
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17,
1.9,
1.7,
2.0,
21,
2.3,
25,
2.3,
2.4,
2.4,
2.7,
2.7,
25,
2.5,

2.2
19
1.8
1.6
14
14
12
12
0.8
0.6
0.6
0.3
0.3
0.0

Draw regions — New region ...

Region 8 is created.

Draw regions — New region ...

Draw regions — New region ...

. Polygon — Return

Draw regions — Return

To display the completed model:

MODEL |
Zoom display — Numerical axes limits

9-39

. Polygon — Mouse input — Close polygon

. Polygon — Mouse input — Return

Display Axes Limits

Horizontal axis

Left | 0 ‘
Right | 5 \
Vertical axis
Bottom | 0 ‘
Top | 5 ‘

In addition to creating the geometry, boundary conditions should be assigned to
the model and BH curves associated with each magnetic material.
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Vector Fields supplies a library of standard BH curves with OPERA-2d. In this
problem, two of the standard BH curves (unisil23m3.bh and ndfebolt.bh) will be
used. The unisil23m3.bh curve is alaminate machine steel characteristic that will
be assigned to the rotor and stator (material 1abels4 and 5). The ndfebolt.bh curve
is a typical neodymium iron boron magnet material characteristic and will be
assigned to the permanent magnet (material label 6).

Both curveswill beloaded from the directory, $vfdir/bh?, and stored in the current
working directory. Begin by:

MODEL
BH or
DE data — BH/DE editing — Material 4 — Load from file

A file box appears. Change to the directory from which the BH data is to be
loaded, i.e.

$vfdir/bh, where $vfdir should be replaced by the actual directory in which
OPERA-2d was installed®.

Thisisdone by selecting an item in the sub-directory list and pressing the ¢D but-
ton (or double clicking on them).

Thefile unisil23m3.bh should then be selected from the list and Accept selected.
The unisil23m3.bh curveis displayed.

Now the same BH curve will be assigned to material |abel 5 by:

BH or DE data — BH/DE editing — Material 4 — Return

BH or DE data — BH/DE editing — Material 5 — Load from file
and select unisil23m3.bh from the file filter box.

The bh curve unisil23m3.bh is now assigned to both material l1abel 4 and material
label 5. The permanent magnet characteristic should now be assigned to material
label 6. Return to the Material list:

BH or DE data — BH/DE editing — Material 5 — Return
BH or DE data — BH/DE editing — Material 6 — Load from file

and the sdlect the file ndfebolt.bh from the list

BH or DE data —BH/DE editing — Material 6 — Return

1. $vfdir refersto the directory in which OPERA was installed. See “Implementa-
tion Notes” .
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BH or DE data — BH/DE editing — Return
BH or DE data — Return

Boundary Conditions

First redisplay the model:

Zoom display — Same size
The model is displayed on the screen.

A tangential magnetic flux boundary condition has to be assigned to the outer sur-
face of the stator. This means that a fixed value of magnetic vector potential has
been assigned here. Physically thismeansthat it is assumed there is no flux leak-
age from the back of the stator. Thisis done by

MODEL |
Boundary cond. — Vector pot — B normal = 0

and click inside regions 1,2 and 3 near

54, 05
31, 42
52, 12

At the 0 and 60 degree lines of the model, periodic boundary conditions should
be set. Do this by:

Boundary cond. — Vector pot — Periodic symm.

and then select the points

inside region 1 near (5.0,0.1)
inside region 1 near (4.0,0.1)
inside region 1 near (2.6,0.1)
inside region 6 near (1.6,0.1)
inside region 7 near (0.5,0.1)
inside region 7 near (0.3,0.4)
inside region 6 near (1.0,1.5)
inside region 2 near (1.5,2.2)
inside region 2 near (2.0,3.0)
inside region 2 near (2.7,4.2)

and then zoom in to select some of the smaller sides by

]
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Boundary cond. — Vector pot — Zoom display — Numerical
axes limits

Display Axes Limits

Horizontal axis

Left ] 1.2 \
Right ] 2.6 \
Vertical axis
Bottom ’ 0 ‘
Top ’ 2.5 ‘

Boundary cond. — Vector pot — Periodic symm.
inside region 8 near (2.47,0.1)

inside region 8 near (1.3,2.1)

Boundary cond. — Vector pot — Return
Boundary cond. — Return

When periodic boundary conditions are specified, the user must tell the program
how to match up the pairs of region sides which are to be periodically associated.
Do thisby:
MODEL

Periodic symm.

Symmetry Boundary Conditions

Rotation angle ‘ 60 ‘
X displacement ‘ 0

Y displacement ‘ 0

[0 Positive B Negative

B Delete old Pairs

‘ Accept ‘ ’ List ‘ ’ Quit

A message box opens listing the potential pairs. Hit any key to close the message
box.
To generate the finite element mesh:

MODEL |
Mesh generator — generate mesh
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This performs several check functions to ensure that the data to be submitted to
the analysis modulesis correct.

The mesh is generated. A message box appears reporting progress. The graphics
display isaline drawing of the model. The outer boundaries of the model will be
drawn in red with the interior model drawn in white.

Any red linesin the interior of a magnetic model indicate the mesh is not contin-
uous. These errors must be corrected before submitting the model for analysis.

The final message box should indicate O errors and 0 warnings. Any errors
reported must be corrected, while warnings may need to be corrected. Hit any key
to clear the screens.

Next, the analysis module which is to be used needs to be specified. From the
main menu select
FILE |

Write file — Analysis data

Select the static analysis module (ST) and accept all defaults from the static anal-
ysis options by hitting Return.

The model must now be stored for analysis.

Write the model to afile pmm.op2 using

FILE |
Write File — Write model

and entering the name pmm in the selected file section. Press Accept to write the
datato file.

This completes the pre processing stage of the example.

]
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In order to launch the Static Analysis modul e select

FILE |
Start analysis

Within the start Analysis menu select the appropriate filename (pmm) and
Accept.

OPERA-2d then reports on the progress of the solution.

Upon completion the program returns to the Initial Menu.

OPERA-2d User Guide
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Setting the Pre and Post Processor Environment

Read in the solution file pmm.st. A message box is displayed showing the units
setting. This can be cleared by hitting any key or mouse button.
Use the DISPLAY menu to resize and redraw the screen for viewing the model:

DISPLAY |
Axes limits

Display Axes Limits

Horizontal axis

Left ‘ 0 ‘

Right ‘ 5 ‘
Vertical axis

Bottom ‘ 0

Top ‘ 5 ‘

DISPLAY |
Style — Fill materials
Style — Return
Nodes — No nodes/vertices
Nodes — return
+Labels (toggles to -labels)
Refresh

In addition to changing the size of the display other changes have been made:-
» Style (fill materials)
This causes the different materialsto be outlined (instead of each region).
* Nodes (no vertices/nodes)
This causes no nodes to be displayed.
e -Labels (togglesfrom +Labels)
This causes no region numbers to be displayed.

|
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Before investing agreat deal of timein the analysis of any model, the user should
verify that the results being analysed are reasonable.

Line Contours of Vector Potential

One of the easiest things to check isthe flux pattern. The static analysisis solved
in terms of vector potential and equipotential line contours, in XY symmetry, are
equivalent to lines of magnetic flux. To see contours of vector potential click on

FIELDS |
Contour plot — Execute

A message box displaying the model RM S error is given. This can be cleared by
hitting any key or mouse button. The equipotential line contours of vector poten-
tial over the whole model are displayed as shown in Figure 9.9. These should be
checked to ensure they agree with the expected magnetic performance of the
motor. If errors appear to be present then the model should be modified to correct
the error and the analysis re-run.

Y [em]

10/Jan/97 10:15:10 Page 11
V- OPERA-2d
Pre and Post-Processor 7.0

Figure9.9 Equipotential line contours of vector potential - Equivalent to lines of
magnetic flux

Zone Contoursof Flux Density Magnitude

In addition to the magnetic lines of flux, the magnetic flux density isagood indi-
cation of magnetic performance. The contours may be shown in a number of dif-
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ferent styles, for examplefilled zones. This displays zones or bands on the model
geometry. Each colour band represents arange of values.

To look at flux density one must change the component to be analysed from the
default (POT) to BMOD (modulus i.e. magnitude of magnetic flux density B)
before selecting the contour plot.

Begin by:
FIELDS |
Component
Component = BMOD
Accept ‘ ‘ Dismiss
then click on
FIELDS |

Contour plot — Style — Filled zones
Contour plot — Style — Return
Contour plot — Number of lines

and 50 lines should be specified in the parameter box.

FIELDS |
Contour plot — No refresh (toggles to Refresh)
Contour plot — Execute

The magnitude of magnetic flux density is shown in Figure 9.10.

LinelIntegral

To calculate the total force and torque on a body, in this case the torque on the
rotor, an integration surface around the body is defined. Working in two dimen-
sional space, OPERA-2d calculates the total force and torque on a body by per-
forming a series of line integrals encircling the body. For the case of XY
symmetry, the calculation is based on a unit length distance in the third direction.
Theline integrals must be in an anti-clockwise direction and the torque is evalu-
ated with respect to an action point. This gives the x and y force and the anti-
clockwise torque around a specified action point (default value is 0,0). For the
rotor sector of this model:

]
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501
Y [cm]

0'8.0 0.5 1.0 15 20 25 3.0 35 4.0 4.5

Component: BMOD
‘5.24905505 1,31?276 2,624489‘
]

5.0 55
X [cm]

UNITS
Length cm
Flux density : T
Field strength: A m*
Potential  :Wbm*
Conductivity :Sm*
Source density A cm”®
Power W
For N
Energy )
Mass kg

PROBLEM DATA
mm.st

Quadratic elements
XY symmetry
Vector potential
Magnetic fields
Static solution
Scale factor = 1.0
1368 elements
2803 nodes
8 regions
6 symm pairs

10/Jan/97 10:19:25 Page 13
V- OPERA-2d
=

Pre and Post-Processor

Figure9.10 Filled zone contours of magnetic flux density magnitude

Integrals — Along a line

Start X coordinate =
...... Y coordinate =
End X coordinate =
....Y coordinate =
Curvature of line =
Error(<1) or No. of steps(>1) =

2.47

0

1.235
2.139
-1/2.47
0.01

‘ Accept ‘ ‘

Dismiss ‘

A message box opens showing the results of the line integral. Thisis cleared by

hitting any key.

The torque due to the sector of motor modelled may be found by:-

e The product of the torque given in the message box (system variable
TORQUE) and axial length (L) of the motor (since torqueis calculated as per

unit length) i.e.

sector torque = TORQUE*L

* The total motor torque may be determined from the ratio of the number of
poles of the motor to the number of polesin the model (p). The total motor
torque is the product of the sector torque and number of motor poles to mod-

elled polesratioi.e.

Total motor torque = sector torque *p = TORQUE*L*p

|
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In this example, the motor has six poles (one was modelled) and is 15.3 cm long.
Thus the total torque equation would be

Total motor torque = TORQUE*15.3*6
Thebuiltin calculator in OPERA-2d may be used to perform this calculation. The

calculator function appears under several of the main menus (OPTIONS, FIELDS,
MODEL). Since the FIELDS menu is highlighted, begin by:

Calculator
Variable name = #tt
Expression = torque*6*15.3
Accept ‘ ‘ Dismiss

The results will be written into a message box. This can be cleared by selecting
the Continue button.

The variable name can be up to five characters long, but the first character must
bethe# symbol. The expression is made up from any FORTRAN 77 style syntax.
This concludes the six pole permanent magnet motor example. To close the
graphics window select

FILE |
End OPERA-2d/PP

]
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Chapter 10
Sress Analysis Notes and Examples

A review of stressanalysis

Stress

Stress is force per unit area. There are three different forms of stress. In each of
the following cases we assume unit thickness normal to the paper.

M BEZE .
Bt ! ° A
L y '
X — X 777777777777
X
(@) Tension (b) Compression (c) Shear

Figure 10.1 Definitions of stress

E = Young's modulus of elasticity (unit: force per unit ared)
G = shear modulus (unit: force per unit area)

(a) Tension

Tensile stress (force per unit area) o, = viv

o
Strain (dimensionless) ¢, = EX

]
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Extension d=Le,

By convention tensile stressis positive.
(b) Compression

Compressive stress (force per unit area) o, = viv

Strain (dimensionless) e, = EX
Compression d=Lg,

By convention compressive stress is negative.
(c) Shear

i =1
Shear stress (force per unit area) o, = W

c
Shear strain (radians) o = éy
In aright-handed axis system, positive shear is defined by the right-hand rule,
i.e. o is positive anti-clockwise measured from the undisplaced shape. The
shear in the diagram is negative.

Note the definition of shear strain which is not that commonly used by physicists
(it istwice the latter).

Planestressand  Plane stress may be seen by considering Figure 10.1part (&) for tension.
plane strain

problems I the rectangle represents a thin sheet of isotropic material which isnot prevented

from contracting in the direction normal to the paper when it is stretched, then a
state of plane stress exists.

If the thickness were infinite in the direction normal to the paper, then each plane
parallel to the paper would be constrained to remain plane, and a state of plane
strain would exist.

Stresses would be developed in the direction normal to the paper, their magni-
tudes being determined by the Poisson’s ratio of the material.

In practice plane stress and plane strain rarely exist in isolation and the situation
will be somewhere between the two extremes.

|
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Note:
* Planestrain will usually result in higher calculated stresses.
* Plane stresswill usually result in higher calculated displacements.

Poisson’sratio Poisson’s ratio is defined as the ratio between transverse strain and longitudinal
strain when plane stress exists:

Q/Z (}
W % 5

Figure 10.2 Definition of Poisson’sratio

) )
From Figure 10.2, it may be seen that ¢, = rland €y = V_\2/ This gives Pois-
. €y
son'sratioasv = —
€1
Axisymmetry In axisymmetric problems the stresses are known as

.

N p = pressure
a. a

S~

Figure 10.3 The axisymmetric case
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+ radial o,
+ axial o,

* rzshear 6,

Thereis an additional type of stresswhich is either tensile or compressive.—

+ circumferential stressc,

Assuming the rz plane lies in the surface of the paper, then circumferential stress
and strain are normal to the paper.

Circumferential stress is very important in pressure vessels, since it is usually
twicethe axial stress, and is likely to be the reason for failure (though not always
the cause of failure, which might be embrittlement of the material and consequent
crack development).

Most magnet problems will be either plane strain or axisymmetric (axisymmetry
may be considered as a special case of plane strain).

Finite Element Computation

As for electromagnetic analysis, the structural analysis in OPERA-2d is carried
out by discretising the regions of a2D model into triangular elements.

Each node is said to possess two degrees of freedom. Conventionally these arein
thex andy directions. A model with 1000 nodeswill therefore have 2000 degrees
of freedom (that is, 2000 independent directions in which movement may take
place when the model is subjected to stresses and strains.

Corresponding to each degree of freedom, it is possible to formulate an equation
which relates the force imposed on that degree of freedom to the set of all the dis-
placementsimposed on all the degrees of freedom of the whole model. The set of
equations for al the degrees of freedom may be written in matrix form;

Ké = f (10.1)
where

K —the global stiffness matrix
d —the globa vector of displacements
f —the global vector of applied forces on the degrees of freedom at the nodes.

OPERA-2d User Guide
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Stand alone
analysis

Coupled
problems

Finite Element
Mesh

Version 8.5

The applied forces may be specified, together with any known fixed displace-
ments.

The global stiffness matrix and vector of forces are then formed.

The equation is solved to obtain the global vector of displacements. Using this
solution vector, the stresses in the materials are computed. This is known as the
stiffness method.

Modelling

Using the stress and thermal analysis as stand alone modules, allows the mesh
developed to be refined where the gradients of the stress (and displacement) or
temperature are expected to be large.

If electromagnetic results are to be coupled to the stress and thermal anaysis
modules, it is necessary to transfer information such as Lorentz forces and Joule
heating from electromagnetic solution to the structural and/or thermal model. In
these cases the mesh developed for the electromagnetic analysis is used for the
other two analyses.

The electromagnetic mesh may have been refined in order to obtain accurate esti-
mates of magnetic fields. Thismay not be adequate in regions where high stresses
prevail, such as holes or notches which may not be highly discretised for the elec-
tromagnetic solution. A compromise is usually needed.

Saint-Venant's Principle appliesin stress anaysis:

“The strains produced in a body by the application, to a small part of its
surface, of a system of forces statically equivalent to zero force and zero
couple, are of negligible magnitude at distanceswhich arelarge compared
with the linear dimensions of that part of the surface.”

This means that the effects of the way in which a force or constraint is applied
tend to be localised. It is this principle which allows a force to be applied as a
point load, for example, sincein theory apoint load would inflict an infinite stress
at the point of application (in practiceit isimpossible to apply aforce at a point).

The finite element mesh used are triangles, with linear or quadratic shape func-
tions as for the electromagnetic analysis.

OPERA-2d User Guide



10-6

Example

OPERA-2d User Guide

Chapter 10 - Stress Analysis Notes and Examples

» A linear shape function assumesthat, given the nodal displacements of an ele-
ment, the displacement at any point in the element may be expressed asalinear
function of the nodal displacements

» A quadratic shape function uses a quadratic function of the nodal displace-
ments.

Elementswith large aspect ratios are to be avoided. The automatic mesh generator
attempts to form elements with small aspect ratios.

Aspect ratios greater than 10 should be used with care. Check the solution care-
fully to see whether it isarealistic result.

The problems caused by high aspect ratios are that the elements may beincapable
of correctly representing local changesin strain and stress. Also anill-conditioned
set of equations may result. When solved these will give a completely incorrect
set of displacements.

Consider aregion of amodel when subjected to bending stresses.

Thissimple beam is being bent by moments applied to its ends, and which is sub-
divided into asingle layer of triangular elements as shown in Figure 10.4.

compression

C e

tension

Figure 10.4 A simple beam

The strain in such a beam varies linearly across the depth of the beam, as shown
intheright hand diagram of Figure 10.4. A linear triangular element isonly capa-
ble of representing a constant rate of strain within it (which is why it is often
called a constant strain element)

It cannot represent the variation of strain across the beam. Ten or more layers of
elements may be needed in such cases.

However, asingle layer of quadratic elements would suffice, because the quad-

ratic variation is able to represent linearly varying strain within itself (which is
why it is called alinear strain element).
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Material Properties

The material type determines how much information must be provided to the pre
and post processor.

| sotropic The properties are the same in all 3 orthogonal directions.

materials . StressAnaysis:

One value of Young's modulus E and one value of Poisson’s Ratio define the
material.

The thermal expansion integral (if needed) will be the same in both directions
in the plane

Thereisasingle value of shear modulus G. Y oung’ s modulus, shear stress and
Poisson’ sratio are related so only two of these need be supplied usually E and
v (the program checks for consistency).

e Therma Analysis.
One value of thermal conductivity defines the material.

Anisotropic Materials may have different propertiesin three orthogonal directions (the princi-
materials: pal axes, set at some angle to the x, y and z axes of the problem).

Such materials are characterised by

Eii Young's modulusin principal direction i
Vij Poisson’s ratio

G;j In-plane shear modulus

0 Expansion integral in principal direction i

E;; is Young's modulusin a plane defined by the i axis.

vj; isdefined as the ratio of strainsin a planeij under plane stress (ratio strain in
direction j to strainin direction i for stressin direction i).

The following types of material may be defined in the pre and post processor.

Orthotropic, Plane stress: specify (Eq1,E25,v12,G12)

Orthotropic, Plane strain: specify (E11,E22,E33,v21,V31,V32,G12)
Transversely isotropic, plane stress: specify (Eqq,E»5,v12,V21,G)
Transversely isotropic, plane strain: specify (Eqq,E»2,v12,V21,G)

]
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AXISymetl’lcaIIy stratified: SpeCIfy (E]_]_,E22,V12,V21,G)
(inall cases plane 1-2 coincides with plane x-y - see Figure 10.5):

Stata normal to 1-2 and x-y plane
Transversely Isotropic

Strata normal to 1-2 and r-z plane
Axi-Symmetrically Stratified

Figure 10.5 Planar materials

Material properties can vary quite widely depending on the history of the mate-
rial. When ametal ingot iscast, its Young's modulus and yield strength are usually
quite low; they improve dramatically when the material is worked (for example,
rolled or drawn). Values quoted in material standards are usually minima for
material which has been subjected to normal working.

Constraints

Sufficient constraint must be applied to the model if a valid solution is to be
obtained from a structural analysis. In 2D only 3 degrees of freedom are possible
for arigid body: trandation in x and y directions, and rotation about the z axis,
therefore the minimum number of degrees of freedom requiring constraint is
three. However, these must be chosen such that the translations and rotation are

|
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prevented. A 2D model with 1000 nodes will have, after minimal constraint has
been applied, 1997 degrees of freedom and will give rise to a set of 1997 simul-
taneous equations.

It does not matter if amodel isover-constrained, providing thisiswhat isrequires
in the problem. What constitutes sufficient constraint is that translation and rota-
tion of the model as awhole (known as free body movement) must be prevented.

You are not limited to specifying zero displacements at constraints. Specifying
non-zero values allow you to compute the effects of initial strains which may be
built into your model; such strains might be caused during assembly of the final
components, for example.

It is possible to apply skewed constraint: a node, or set of nodes, may be con-
strained to move along a straight line at a specified angle to the x axis.

Pressures

To specify pressures (which are normal to surfaces), the method used by OPERA -
2d is general.

The surface traction is specified. These are the componentsin x and y (or r and z)
directions of forces per unit area of surface. The force may be at any angle (even
paralel) to a surface.

The expression analysis capabilities of OPERA-2d make this method much more
versatile than is usually the case. For example, to apply pressure to the inside of
a hollow sphere, the user definesthe LOAD as follows:

r direction: p*r/sqrt (r**2+z**2)
zdirection: p*z/sqrt (r**2+z%%*2)

and when the radial displacement isrequired to be plotted, COMPONENT is set
to

sgrt (dispr**2+dispz**2)

Thermal Expansion

Itispossibleto specify athermal expansionintegral for amaterial. Thisisthe pos-
itive value given by:

T2
[ Codr (10.2)
Tl

]
Version 8.5 OPERA-2d User Guide



10-10

OPERA-2d User Guide

Chapter 10 - Stress Analysis Notes and Examples

where o is the expansion coefficient, and the material is heated from T, to T».

A negative value represents therma contraction due to cooling. Changes in
dimensions and stresses due to constraint will be computed.

For large changes of temperature, material properties such as Young's modulus
may vary. In the case of some polymers and elastomers, the thermal expansion
coefficient may be affected by stress.

The thermal expansion integral may be used as a means of specifying initial
strains.

Failure Theories

There is no one theory which may be used to predict failure of a stressed compo-
nent. The choice of theory will depend not only on the type of material, but on the
way in which it is used, the nature of the loading etc. Materials which are sub-
jected to cyclic stresses (and electromagnets may bein this class) may fail due to
fatigue; this type of failure is extremely complex and may require a great deal of
information about the material and the stresses, temperatures and even environ-
ment to which the component is subjected (for example, the presence of akali or
acid or even just air may affect the stressand/or time at which failure occurs). Par-
ticularly in brittle materials (or materials made brittle localy by temperature or
fatigue) failure may start at anotch or crack. For steady stresses the common the-
ories are:

* maximum stress failure occurs when the maximum stress (usually tensile) in
the material reaches alimiting value.

» maximum strain failure occurs when the maximum strain reaches a limiting
value.

» maximum shear failure occurs when the maximum shear stress reaches alim-
iting value.

 dtrain energy failure occurs when the strain energy reaches the strain energy
at failurein atensile test.

» shear strain energy (or Von Misestheory) failure occurs when the shear strain
energy reaches alimiting value determined by atensile test.

The limiting value may sometimes be taken as the stress (or strain energy) when
the material fails completely in atensiletest, but it is probably more useful to use
thevalueat yield (whichiswhen the material ceasesto be elastic, and some defor-
mation is permanent).
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Note that elastic behaviour may be linear, or non-linear; a material such as glass
will (under normal conditions of loading) exhibit linear elasticity al the way up
to breaking stress, whereas rubber and plastics will be almost entirely non-linear.
Metal such as steel remain reasonably linear until the yield point is approached.
Sincein general material isused at stresseswell below yield, it isusually assumed
to have linear elasticity.

Whichever stressisused asthelimiting stress, it is necessary to apply asafety fac-
tor. The actual stress (or strain energy) in the material is not allowed to exceed the
limiting value divided by this factor. Typical safety factors are:

» For ductile materials at room temperature 3 to 4 on the breaking stress, 1.5 to
2 ontheyield stress

» For brittle materials such as glass, a much larger factor may be used, such as
10 or 20.

The stresses computed by OPERA-2d may not be the maximum. The maximum
stress will be the larger of the two principal stresses, which are obtained from the
x and y stresses by:

2 2
o,t0O o, —O 2
p=—5 g/ T Py (10.3)

The maximum shear stressis half the difference of these two principal stresses.

In axisymmetric problems the circumferential stressis the third principal stress,
and islikely to be greater than that cal culated above.

Much of the above assumes (tacitly) that materials fail in tension. This is not
alwaysthe case, since high compressive stresses lead to high shear stresseswhich
may cause failure. This may be the mode of failure for a short column.

However, along column or strut will fail due to instability (i.e. applying an axial
load to athin wooden or metal strip, when the load isincreased the strip will sud-
denly bow).

The Natureof Failure
Failurewill not occur at somerandom positioninamaterial. It will begin to occur
at some point where the stress is made higher by the presence of a stress concen-

trator. This may be asharp re-entrant corner, a hole or perhaps a crack, scratch or
imperfection introduced either during manufacture, or during service.
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Thedesigner avoids sharp re-entrant corners by introducing filletsinto the design.
However there may belittle control over scratches and surface imperfections. The
reason that these imperfections have little effect is that in ductile materials (most
metals) a high local stress causes local yielding, and this local yielding relieves
the high stress. Because it is tensile stress that causes failure in this way, highly
stressed components are often subjected to surface treatments such as polishing,
rolling or shot-preening, which by reducing scratches and introducing compres-
sive surface stresses, offset the tensile stresses at imperfections.

Certain common treatments such as metal plating cause surface embrittlement
which may cause subsequent failure, and appropriate relieving heat treatment
may be essential.

OPERA-2d User Guide
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Example1- A Simple Beam

10-13

This example of asimple beam will illustrate the use of the pre and post processor
with the stress analysis module. Methods of building the model, solving and post

Version 8.5

processing are given including:

» Extraconditions

» Mechanical material properties

» Constraint conditions

* Load conditions

» Tablesfor pre and post processing

» Display of deformation

The beam is assumed to be infinitely long in the third (z) direction e.g. ashelf or
platform, fixed at the y axis and loaded at the far end. The model is made up of a

100 [ UNITS
Length im
Y ml 9.0 Flux density :T
: Field strength CAm?
8.0 SRR Potental Wb
3 YAV, NN S AN TN NS . 1
e DRI Source donsiy - AM"
70 R0 KRR KR AARRRIARRR] Power Yo w
: Force :N
[ Energy :J
6.0 Mass : kg
5.0
PROBLEM DATA
40 Linear elements
XY symmetry
L Vector potential
3.0 Magnetic fields
No mesh
20 [ 1 region
10
0 . ! . ! . ! ! . !
'8.0 2.0 4.0 6.0 8.0 10.0 12.
X [m]

13/Jan/97 12:24:22 Page 3

V- PC-OPERA

Pre and Post-Processor 7.0

Figure 10.6 The complete model
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Pre Processing

Launch OPERA-2d and enter the pre and post processor in the normal way. Inthis
example the default S.I. unitswill be used.

The material definition for the beam is as shown below:

MODEL |
Draw regions — Region defaults ...
. material type

Material label = 3
Mu or epsilon = 1
Density = 0
Conductivity = 0
Phase/angle = 0
Velocity = 0

‘ Accept ‘ ’ Dismiss

The region should have vertices and subdivisions entered using XY input with
coordinates as follows.

Y | Subdivision
0 7 1
10 7 50
10 8 3
5 8 16
5 85 3
0 85 16

and close the polygon with a subdivision of 5.
Thisis shown in Figure 10.6
Before adding mechanical data a finite element mesh must be created. Generate

thefinite element mesh in the normal way, and note that thereisawarning relating
to potential settings.
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Entering the It is necessary to define the mechanical material data constants for the beam. To
mechanical do this select
material data MODEL |

Extra options — Stress/thermal
materials — Define a new material

and complete the parameter box with

Material number = 3

Accept ‘ ‘ Dismiss ‘

Complete the dialogue boxes that follow with the material data:-
Material name= beam

Material type = Isotropic

and

Accept

Then select Young’s Modulus from the Stress and Thermal Properties list, and
enter avalue of 210e9 in the Value box. Select the Accept button.

Now select Poisson’s ratio and enter avalueof 0.29 inthevaluebox. Select
the Accept button and then Quit. A message will appear informing the user that
material data has been checked successfully.

Entering the To constrain the problem select
mechanical MODEL |

boundary Extra

conditions options — Extra

conditions — Stress/thermal boundaries

Select the Y component of force of 50 N as follows.—

Load
X or R component = 0
Y or Z component = 50
Accept ‘ ‘ Dismiss

then Pick sides and place the cursor at approximately
99, 7.75

]
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and close the menu with Return

In asimilar manner fix the position of the beam at X=0 as follows

Constrained in both

Function for X or R = 0
Function for Y or Z = 0
Accept ‘ ‘ Dismiss

then

Pick sides

and place the cursor at approximately
0.0, 7.75

close the submenus with four Return selections.

Completing the The Stress Analysis data must now be prepared. From the main menu select:

Pre Processing FILE 4

Write file — Analysis data

Click onthe StressAnalysis (SA) box and subsequently choosethePlain Strain
option.

The model must be saved. To do this:

FILE |
Write file — Write model

enter beam in the selected file box, and Accept. Once the data files have been
saved, you can proceed to the next step.

OPERA-2d Stress Analysis M odule

A number of analysis modules are supplied with OPERA-2d. The choice of anal-
ysis modul e that depends on the type of problem being solved. (For further infor-
mation see “Analysis and Utility Programs’ on page 5-1). In this particular case,
amechanical stress analysisisrequired. Hence the stress analysis module isto be
used. You may launch the Stress Analysis solver from

FILE |
Start Analysis

|
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and Accept the highlighted file name for analysis (beam).

OPERA-2d then reports on the progress of the solution.

Post Processing

Loading the Read in the solution filebeam.sa. You will notice that the solution tables available
resultsinto the are also read in automatically. A message box is displayed which informsthe user
Pre and Post of the new variable namesincluded in the solution file.

Processor

Use the DISPLAY menu to view the model:

DISPLAY |
Style — Line drawing

and Return

Now select

DISPLAY |
Nodes — No vertices/nodes

and Return

DISPIAY |
+Labels (+Labels changes to -Labels)
Refresh

Displaying the The deformation due to loading may be viewed as a deformed mesh.
resultsasa FIELDS |

deformedmesh Options (Below Contour plot)
Standard plot (Changes to Deformed plot)
Deform options

Compl ete the parameter box by setting the x and y componentsto DISPX*1e6
and DISPY*1e6 respectively (to scale the deformation for viewing). To display
the result

FIELDS |
Contour plot — Execute

The result is shown in Figure 10.7

]
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10.0 UNITS
Length :
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Figure 10.7 Display of Stress Components

To examine the stresses in the beam select:
FIELDS |
Component

and enter sigmax for the stress component in the x direction. To display the
results use

FIELDS |
Contour plot — Style — Filled zones

and

Return
Now select Execute
Thisis shown in Figure 10.8.

Other components may be examined in a similar way with or without the
deformed mesh options set.
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10.0— UNITS
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. Potential :Wb m™
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8.0 DRROOOOHAAAK Sour densiy: A
< X . ower ‘W
. Force ‘N
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4.0 Linear elements
XY symmetry
Vector potential
3.0 Magnetic fields
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[ ‘ | V- OPERA-2d
Pre and Post-Processor 7,502

Figure 10.8 Display of stress components

Leavingthe Pre  To leave the pre and post processor select Return followed by:
and Post FILE |
Processor End OPERA-2d/PP

]
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Example 2 - Coupled Problems

This example will illustrate the use of the pre and post processor including the
method of coupling the results from the static electromagnetic analysis module to
the stress analysis module. Methods of transferring results, solving and post

processing are given including:

e Transfer of maxwell stress results using tables
» Extraconditions

e Mechanical material properties

e Constraint conditions

» Load conditions

» Display of deformation

The problem is one of adisc placed above a coil as shown in Figure 10.9

10.0
Z[cm]

8.0

7.0

6.0

5.0
4.0
3.0
2.0

1.0

8, . . 0

UNITS
Length :em
Flux density i T
Field strength CAm?
Potential tWbm*
Conductivity :Sm’
Source density ~ : Am?
Power W
Force N
Energy 3
Mass : kg

PROBLEM DATA

DISC2.0P2
Linear elements
Axi-symmetry
Modified R*vec pot.
Magnetic fields

5818 elements

3027 nodes

3 regions

V- PC-OPERA

Pre and Post-Processor 7.0

Figure 10.9 The complete model

Initially the electromagnetic problem is solved. The results are read into the pre
and post processor and transferred with additional mechanical information to a
data file for input into the stress analysis. The results of this analysis are then

examined by further post processing.
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The
electromagnetic
model

Version 8.5

Solving the Electromagnetic Problem

Launch OPERA-2d and enter the pre and post processor as described in previous
tutorials. In this example the default S.1. unitswill be used. It is assumed that the
earlier tutorials have been used and only abrief description of the model is given
here.

Set the units to have length expressed in CM. Set the problem to axi-symmetric
and the solution potential to modified rA by selecting:
MODEL |
Solution type — Axi symm and potentials
and from the Axi-symmetry menu select:
MODEL
Solution type — Axi symm and potentials — Modified r * A
and then Return

Defineregion 1 (the disc) to have:-
« 6x 35 regular (shape=H) mesh’
* Materia label =3

«  Permesbility, 1 = 300

The coordinates of the vertices can be defined using the XY input with settings

X |'Y | Subdivision
0 6 1
10 6 35
10 7 6
0 7 35

and close with a subdivision of 6.

Define region 2 (the conductor) to have:-
» 5x5regular (shape=H) mesh
* Materia label =1

1. Change region shapeto H using the Change regions item under the MODEL
menu

|
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* Permeability,n =1
« Current density = 167 A/m?

The coordinates for the vertices are:-

X | 'Y | Subdivision
2 5 5
3 5 5
3 4 5
2 4 5

and close with a subdivision of 5.
A background region may now be used to model the surrounding air.

Define thisregion to have: -
» Background region.

e Material label = 0.

» Permeability, u = 1.

e Current density = 0.

The coordinates, subdivision and bias for the geometry are:-

X Y | Subdivision | Bias
0 50

50 50 9 0.1

50 -50 12 0.5
0 -50 9 0.9

and close with 200 subdivisions and a bias of 0.5

Set the boundary conditions so that all region edges on the Z axis have the B
NORMAL=0 condition.

Generate the mesh of the model to allow a display of the mesh of all the regions.
Thisis shown in Figure 10.9.

Obtaining the Solve the problem using the non-inear static analysis module and read the
electromagnetic  resultsinto the preand post processor.
results

|
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The solution may be examined as in previous examples. Also the solution forms
part of the input to the stress analysis module.

Entering the Mechanical Data

It is necessary to define the mechanical material data constants for region 1. To
do this

MODEL |
Extra options — Stress/thermal materials — Define a
new material

and select Material number=3.

Complete the following dialogue boxes with the material data as follows:-

Material name=steel
Material type = Isotropic

followed by Young's modulus = 2109 and Poisson’s ratio = 0.29

Entering the The disc isto be mechanically fixed at the outer edge. Do this by
mechanical MODEL |

boundary Extra

conditions options — Extra

conditions — Stress/thermal
boundaries — Constrained
in both

with: Function for X or R 0

and: Function for Y or Z = 0.

Select Pick sides and click on the cursor at approximately

99, 65

It is also necessary to constrain x movement at the y axis. This is achieved by
using Constrain in X or R. Do thisby selecting Return and

Constrained in X or R

Specify Function X or R = 0 andPick sides and click on the cursor at
approximately

0.1, 65

]
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Creating tables
for mechanical
analysis
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After setting these boundary conditions, close the submenus with three Return

The stress analysis module requires data from the electromagnetic solution, rel at-
ing the loading of the problem to the finite element mesh, to be available astables.
These may be automatically created. For the maxwell stress on each element in

the r-direction select

MODEL |
Extra
options — Solution
tables — Make a

new table ...

. Options — Maxwell

and Return

To form the table select

Make a new table...
. Make table

and complete the parameter box with

stress X or R

Field component
Table Number 1

X-derivative

Y-derivative

= pot
= 1
Name = rload
Unit expression = FORCU/LENGU**3
Accept ‘ ‘ Dismiss ‘

Close the submenu with Return and in a repeat the procedure for the z direction

Solution tables — Make a new table ...
. Options — Maxwell stress Y or 2

and Return

To form the table select

Make a new table ...
. Make table
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and complete the parameter box with

Field component = pot

Table Number 1 = 2

Name = zload

X-derivative =

Y-derivative =

Unit expression =  FORCU/LENGU**3
Accept ‘ ’ Dismiss ‘

Check the tables have been correctly formed by selecting List tables

The program response should be:

Table 1: RLOAD

Discontinuous field defined over elements
Units FORCU/LENGU**3

Table 2: ZLOAD

Discontinuous field defined over elements
Units FORCU/LENGU**3

Close al the menus with three Return

Storing the In order to prepare the analysis data select:

model and tables FILE |

Write file — Analysis data

and select the stressanalysis (SA) solver. The model must be saved, including the
tableswhich are needed by the stressanalysismodule. Toincludethetables, select
FILE |

Write file — write model

and enter disc2sa in the selected file box selecting both RLOAD and ZLOAD
before pressing Accept.

OPERA-2d Stress Analysis M odule

Launch the solver by selecting

FILE |
Start Analysis

and Accept the highlighted file name for analysis (disc2a).

]
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Loading the
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Pre and Post
Processor

Displaying the
resultsasa
deformed mesh
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OPERA-2d will report on the progress of the solution and, upon completion of the
analysis, the user is prompted to view the resultsfile. It is good practice to do so,
hence ensuring that no errors occurred during the analysis. Upon examination of
the results file the Top Level Menu will be enabled.

Post Processing

Read in the solution file disc2sa.sa and note that the solution tables available are
loaded automatically.
Use the DISPLAY menu to view the model:

DISPIAY |
Style — Line drawing
Style — Return

Nodes — No vertices/nodes
Nodes — Return

Material numbers

and complete parameter box to indicate; Not in material=0

DISPLAY |
+Labels (toggles to -Labels)
Refresh

The deformation due to loading may be viewed as a deformed mesh. To do this
deselect the air regions which do not form part of the solution

FIELDS |
Contour plot...Options

then

Select material
and specify Not in 0 (air 0).

followed by

Standard plot (toggles to Deformed plot)
Deform options
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Compl ete the parameter box by setting the r and z componentsto DISPR*1e10
and DISPZ*1el0 respectively. To display the result

FIELDS |
Contour plot — Label style — No labels

also select

No refresh(toggles to Refresh)

and

Execute

Theresult is shown in Figure 10.10

10.01~ Length UNITS
engtn " Sem
Zlem L o Svemn A
2.0 Potential 9 ‘Wbm*
Conductivity :Sm*
80 Source density: A m*
- Power W
Force N
7.0 i
6.0 =
=
5.0
PROBLEM DATA
b_sol.
4.0 Cinéar elements
Axi-symmetry
Modified R*vec pot.
3.0 Magpnetic fields
Stz
Sl o= 10
2.0 6288 elements
3262 nodes
3 regions
1.0~
) L L L L L L L L L L n L
'8.0 10 20 30 40 50 60 70 80 9.0 100 12.0
R [cm]
101229 Page 10 |
V- OPERA-2d
Figure 10.10 Display of the deformed mesh
Displaying the FIELDS |
stress Component

components i _
and set Component = SIGMAZ and to display the results using

FIELDS |
Contour plot — Style — Filled zones
Contour plot — Style — Return
Contour plot — Label style — Default labels

Contour plot — Execute
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Thisis shown in Figure 10.11.

10.0[— UNITS

Length om
Z [cm] Fluxdensity :T
9.0~ Field strength : Am*
: Potential :Wb m*
Conductivity :Sm’"
8.0 Source density: A m*
. Power ‘W
Force N
Energy :J
7.0 Mass kg

6.
50— NN
RN
4.0 Linear elements
Axi-symmetry
Modified R*vec pot.
3.0~ Magnetic fields
Static solution
Scale factor = 1.0
20 6288 elements
3262 nodes
3 regions
1.0~
o I I I I I I I I I I . I
'8.0 10 20 30 40 50 60 70 80 90 100 12.0
R [cm]
Component: SIGMAZ 23/Sep/1999 10:17:23 Page 11

-0.423293 -0.00766782 0.407957 ———
= 1 | V- OPERA-2d

Figure 10.11 Display of stress components

Other components may be examined in a similar way with or without the
deformed mesh options set.

Leavingthe Pre  Close the menu with Return

and Post
Processor and leave the pre and post processor with

FILE |
End OPERA-2D/PP

|
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Thermal Analysis

Version 8.5

Performing steady state thermal analysisis similar to electrostatic analysis, with
electric potential replaced by temperature. Each node of the finite element mesh
possesses only one degree of freedom, which is temperature.

The matrix equation is:
KT =g (11.2)
where

T —the vector of nodal temperatures
g — the vector of applied heat loads
K —amatrix derived from thethermal conduction propertiesof the model regions.

Thermal conductivity is defined by two values orthogonal to one another i.e. in
the x and y directions.

Fixing the temperature at just one node may beall that is necessary (but additional
fixed temperatures may be necessary to correctly model the problem).

The simplest boundary condition will be where nodal and/or surface temperatures
have been defined. The temperature distribution will be computed within the
model.

However, the surface heat transfer may be defined according to the boundary
eguation

kVT.n = q+a(T-Tp) (11.2)
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wherekisthermal conductivity, nisthe normal to the surface, qisthe surface heat
flux (usually watts per square metre), and T isthe temperature of afluid medium

in contact with the surface. o isthe surface heat transfer coefficient (heat flux per
degree of temperature difference between surface and fluid). This coefficient may
be estimated by using heat transfer correlations which can be found in atext book
on heat transfer. Unfortunately, heat transfer coefficients are very dependent on
the nature of the surface and the dimensions of the surface and the object, aswell
ason thefluid. Either g or oo may be specified zero.

Definition of surface heat transfer may provide adequate constraint. This would
be the case where, for example, Joule heat was being generated in regions of a
magnet, and the magnet was being cooled by air, water or other fluid.

If you do not specify the temperature of a surface or the heat transfer across it,
then the program will assume

dT _
- 0 (12.3)
that is, the surfaceis perfectly insulated. Sincein practice thereis no perfect insu-
lating material, you may wish to include the effects of imperfect insulation. This
can be done either by explicitly modelling layers of insulating material, or by
using equivalent values of heat transfer coefficient.
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Example1- A Simple Heat Bath

Version 8.5

Thisexample of asimple Heat Bath will illustrate the use of the pre and post proc-
essor with the thermal analysis module. Methods of building the model, solving
and post processing are given including:

Extra conditions

Thermal material properties
Fixed temperature conditions
Perfect insulation conditions
Thermal flow conditions

Tables for pre and post processing

Display of temperature distribution

Thebath isassumed to beinfinitely long inthethird (z) direction with afixed tem-
perature at the right hand end. The model is made up of two regions as shown in

10.0 [ UNITS
Length im
Y [m] Flux density T

9.0 Field strength CAmM?Y
Potential : Wb m?

8.0 Conductivity :Sm’
Source density ~ : Am?
Power TW

7.0 Force :N
Energy :J

6.0 Mass kg

50 PROBLEM DATA
Linear elements

40 XY symmetry

. Vector potential

Magnetic fields

30 No mesh

2 regions

20

1.0

0 I I I I I I

'8.0 2.0 4.0 6.0 8.0 10.0 12.0
Xl [T i Paged ]

Pre and Post-Processor 7.0

Figure11.1 The complete model
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Pre Processing

Setting the Pre Launch the pre and post processor in the normal way. In this example the default

and Post S.I. unitswill be used.

Processor

Environment

Entering the The general definition of the bath is shown below for the two regions of the

polygon region model. Region 1 is defined by:

MODEL |
Draw regions — Region defaults ...
. material type

and set

Material label =
Mu or epsilon =
Density =
Conductivity =

O O O RrPr W

Phase/angle =
Velocity = 0

‘ Accept ‘ ’ Dismiss

The region should have vertices and subdivisions as follows

(0,7) to (10,7) with 50 subdivisions.
(10,7) to (10,9) with 8 subdivisions.
(10,9) to (9,9) with 8 subdivisions.
(9,9) to (9,8) with 3 subdivisions.
(9,8) to (0,8) with 30 subdivisions.
(0,8) to (0,7) with 8 subdivisions

and region 2 is defined by:

MODEL |
Draw regions — Region defaults ...
. material type

|
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and set

Material label =
Mu or epsilon =
Density =
Conductivity =

o O o KB un

Phase/angle =
Velocity = 0

‘ Accept ‘ ’ Dismiss

The region should have vertices and subdivisions to match region 1. In addition:
(0,8) to (0,9) with 5 subdivisions.
(0,9) to (9,9) with 20 subdivisions.

Thisisshown in Figure 11.1

Before adding thermal data a finite element mesh must be created. Generate the
finite element mesh in the normal way, and note that there are warnings relating
to potential settings and BH data.

Entering the Itisnecessary to define the thermal material data constantsfor the bath. To do this
thermal material  yoper |
data

Extra options — Stress/thermal
materials — Define a new material

and select

Material number = 3

Accept ‘ ‘ Dismiss ‘

Complete the following dialogue boxes with the material data as follows:-

Material name =bath
and select Thermal from the Material Type Optionslist.

then
Thermal conductivity with valuesof 63 (W/m/K) for each of thex and y
components, the value of each component being separated by a space.

Repeat the procedure for the second material (number = 5) of region 2 with:;

Material name =melt

]
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and select Thermal.
then

Thermal conductivity with avaue of 400 (W/m/K) for each of the x and y
components (separate the two identical values by a space).

Entering the MODEL |
thermal Extra
boundary options — Extra
conditions conditions — Stress/thermal
boundaries — Fixed
temperature

and set Temperature= 500 (°C).

Select Pick sides and click the mouse at approximately
50, 7.1
99, 80

Close the submenu with Return

Select Heat transfer and set

Heat flux = 50,
Heat transfer coefficient = 1
Coolant temperature= 120

Select Pick sides and click the mouse at approximately
50, 89

Close the submenu with Return and select Heat transfer and set

Heat flux =0
Heat transfer coefficient=0.01
Coolant temperature= 150

Select Pick sides and click the mouse at approximately
95 89

Close the submenus.
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Completing the In order to prepare the analysis data select
Pre Processing FILE 4

Write file — Analysis data
Select the Therma Analysis module (TH) and Return.

It is now necessary to store the model by selecting

FILE |
Write file — Write model

entering bath as the selected file name and pressing Accept.

Thermal AnalysisModule

To run the thermal analysis select:

FILE |
Start Analysis

from the menu and then Accept the highlighted filename (bath) .

OPERA-2d will report on the progress of the solution as it proceeds.

Examining the results

Loading the In order to post process the problem, read in the solution file bath.th
resultsinto the FILE 4
Pre and Post Read file — Read model
Processor
and enter
Filename = bath.th
Case = 1
Accept ‘ ‘ Dismiss

A message box is displayed informing the user that table TEMP has been loaded.
This may be cleared by hitting any key or mouse button.
Use the DISPLAY menu to view the model:

DISPLAY |
Refresh

]
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Leaving the Pre
and Post
Processor
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To view thetemperature distribution, set the component to be TEMP and use afilled
zone contour plot.

FIELDS |
Component=temp
Contour plot — Style — Filled zones

then

Execute

Theresult is shown in Figure 11.2.

UNITS
im
Y [m] Flux density :T
Field strength : Am™
Potential ‘Wb m™
Conductivity :Sm*
Source density: Am*
Power ‘W
Force N
Energy 23
Mass kg
6.0~
5.0~
PROBLEM DATA
a0k anual\Feb0Ohomebath.th
g Linear elements
XY symmetry
Vector potential
3.0~ Magnetic fields
555 elements
328 nodes
20— 2 regions
1.0
o0 ! ! ! ! ! 1 ! ! ! ! . !
'8.0 10 20 30 40 50 60 70 80 90 100 12,0
X [m
Component: TEMP tm

‘4941844 497.9922 500.0‘
I

Figure 11.2 Displaying the temperaturedistribution

Close the submenu with Return

FILE |
End OPERA-2d/PP
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Example 2 - Thermally Coupled Problems

Version 8.5

This example will illustrate the use of the pre and post processor including the
method of coupling the results from the static electromagnetic analysis module to
the thermal analysis module. Methods of transferring results, solving and post
processing are given including:

Transfer of heat results using tables

Extra conditions

Thermal material properties

Temperature constraint conditions

Heat flow and convection boundary conditions

Display of temperature

The problem is that of a disc placed above a coil. The model is the same as the
one used in the OPERA-2d/SA example (see “Stress Analysis Notes and Exam-
ples’ on page 10-1), with an additional region. Thisis shown in Figure 11.3.

Z[cm]

RV EERTS
Zng3gorIze

L L L L L L L
08b 10 20 30 40 50 60 70 80 90 100 12,
R [cm]

Figure 11.3 The complete model

Initially the electromagnetic problem is solved using the AC analysis module.
Theresultsare read into the pre and post processor and transferred with additional
thermal information to a datafile for input into the thermal analysis. The results
of this analysis are then examined by further post processing.

|
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Solving the Electromagnetic Problem

Launch OPERA-2d and enter the pre and post processor in the normal way. The
default SI units will be used. Enter the model data as follows.

Set the units to have length expressed in CM. Set the problem type and solution
potential by selecting:
MODEL |

Solution type — Axi symm and potentials - Modified r*A

and then Return

Defineregion 1 (the disc) to have:-
6 x 35 regular (shape=H) mesh (subdivision of 35 to be along the radius of the
disc)
Material label =3
Permeability = 300

The coordinates for the vertices are:-

0, 6
10, 6
10, 7
0, 7

Defineregion 2 (the conductor) to have:-
5 x 5 regular (shape=H) mesh
Material label = 1
Permeability = 1
Current density = 167 A/m?

The coordinates for the vertices are:-
2, 5

3, 5
3, 4
2, 4

A background region may now be used to create afar field boundary.

Define thisregion to have:-
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Background region.
Material label =0
Permeability = 1.0
Current density = 0.0

The coordinates and subdivision number for the geometry are:-

(0,50) to (50,50) with 9 subdivisions and biasing towards the Z axis.
(50,50) to (50,-50) with 12 subdivisions with no bias.

(50,-50) to (0,-50) with 9 subdivisions and biasing towards the Z axis.
(0,-50) to (0,50) with 200 subdivisions and no biasing.

Modify region 1 to have a conductivity by selecting:

MODEL |
Modify regions — Modify region — Pick Region

Now select Material data and set Conductivity = 1e6. Select Return three
times to close the submenus.

Modify region 2 to have a smaller current density by selecting:

MODEL |
Modify regions — Modify region — Pick Region

Now select Material data and set Density = 1e5. Select Return three timesto
close the submenus.

Add an additional region. Define thisregion to have:-
Polygon region.
Material label = 3.
Permeability = 1.
Density =0
Conductivity = 5€6.

The coordinates and subdivision number for the geometry are:-

(0,3) to (4,3) with 8 subdivisions.
(4,3) to (4,5.5) with 8 subdivisions.
(4,5.5) to (5,5.5) with 5 subdivisions.
(5,5.5) to (5,2) with 10 subdivisions.
(5,2) to (0,2) with 10 subdivisions.
(0,2) to (0,3) with 5 subdivisions.
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Generate the mesh of the model to alow adisplay of the mesh of all the regions.
This is shown in Figure 11.4. Set the boundary conditions such that al region
edges of the Z axis have the Bnormal=0 condition. (Note this boundary condition
must be added to the new region if the old model has been read in).

10.0

Z[cm]
9.0
8.0

7.0

6.0

5.0

4.0

3.0

2.0

1.0

o8

Figure 11.4 The complete model including mesh

Obtaining the Write the solution to afile called (say) disc50.0p2, using the default frequency (50
electromagnetic Hz). Solve the problem using the linear a.c. analysis module and read the results
results into the pre and post processor.

The solution may be examined as in previous examples. Also the solution forms
part of the input to the thermal analysis module.

Entering the Thermal Data

It is necessary to define the thermal material data constantsfor region 1 and 4. To
do this

MODEL
Extra
options — Stress/thermal
materials — Define a new material

and select Material number=3.

Compl ete the following dialogue boxes with the material data as follows:-

|
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Material name = steel
and select Thermal

followed by:
Thermal conductivity =100 100

Entering the The disc has no fixed temperatures at the outer edges. Only convection boundary
thermal conditions are to be assigned to the edges. Do this by

boundary MODEL |

conditions Extra

options — Extra
conditions — Stress/thermal
boundaries — Heat transfer
with
heat flux =0
heat transfer coefficient=0.1
coolant temperature = 25. 0

Select

Pick sides

and click on the cursor at approximately

50, 69
50, 6.1
9.9, 6.5
45, 54
41, 40
4.9, 4.0
20, 29
20, 21

The boundaries along the z axis may be represented by perfect insulation and so
do not require setting, as thisis the default condition.

Creating tables The thermal analysis module requires data, from the electromagnetic solution,

for thermal relating the heat sources of the problem to the finite element mesh, to be available
analysis astables. These may be automatically created. For the heat generated on each ele-
ment select:

]
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Field |
Solution tables — Make a new table ...
. options — Select material

and specify
Only in material = 3
Not in material = 0
Accept ‘ ‘ Dismiss
and Return
To form the table select
MODEL |

Extra options — Solution tables — Make table

and specify:
Field component = J**2/SIGMA
Table number = 1
Name (1 to 10) = HEAT

X Derivative name

Y Derivative name

Unit expression = POWEU/LENGU* *3
Accept ‘ ’ Dismiss

then select ACCEPT and close the submenu with Return
Check the table has been correctly formed by selecting List tables

The program response should be:

Table 1: HEAT
Discontinuous complex field defined over elements
Units POWEU/LENGU**3

Close al the menus with three Return

Storing the In order to prepare the analysis data sel ect

model and table FILE |

Write file — Analysis data

Select the Thermal Analysismodule (TH) and Return.

|
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The model must be saved to include the table HEAT which will be used by the
thermal solver. To do this select

FILE |
Write file — Write model

Select table HEAT and completethe selected file box with disc2th and Accept.
Once the datafiles have been saved the Analysis Module can be launched.

OPERA-2d Thermal Analysis Module

A number of analysis modules are supplied with OPERA-2d. The choice of anal-
ysis module that depends on the type of problem being solved. In this particular
case, athermal analysisis required. Hence the thermal analysis module is to be
used. Select

FILE |
Start Analysis

and select the highlighted disc2th.op2 file.

On completion the program returns to the Top level Menu.

Post Processing

Loading the Read in the solution file disc2th.th together with the solution tables available. To
Resultsintothe  dothis

Pre and Post FILE |

Processor Read file — Read model

and complete the parameter box with

Filename = disc2th.th
Case = 1
‘ Accept ’ ‘ Dismiss

(If the disc2th.mesh file has been deleted, it is necessary to remesh the disc2th.th
file before continuing). A message box is displayed and this may be cleared by
hitting any key or mouse button.

Use the DISPLAY menu to view the model:

]
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DISPLAY |
Refresh

FIELDS |
Component

and set

Component = TEMP

Accept ‘ ‘ Dismiss

and display the results using

FIELDS |
..... Options (Below Contour Plot)

and select Select regions with

First region = 1
Last region = 1
Accept ‘ ‘ Dismiss

Close the submenu with Return and select
Contour plot — Style — Filled zones
Return

Execute

The result is shown in Figure 11.5.

Repeat the procedure for region 4 using:

Contour plot — Refresh

The results are shown in Figure 11.6.
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Leaving the Pre
and Post
Processor

Version 8.5
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— UNITS
100 Length tem
Z[cm] Flux density : T
[ Field strength : Am*
9.0 Potential SWb m*
Conductivity :Sm"
Source density: Am*
8.0 Power W
Force N
Energy 1
7.0 Mass. kg
6.0
5.0
PROBLEM DATA
disc2th.th
4.0 Linear elements
Axi-symmetry
Modified R*vec pot.
3.0 Magnetic fields
/AC solution
Frequency = 50.0 Hz
20 5245 elements
- 2742 nodes
4 regions
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Figure11.5 Display of temperaturein region 1
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Figure11.6 Display of temperaturein region 4

Close the menu with Return

and leave the pre and post processor with

FILE |
End OPERA-2D/PP

and confirm.

OPERA-2d User Guide



11-18 Chapter 11 - Thermal Analysis Notes and Examples

|
OPERA-2d User Guide January 2002



Chapter 12
Space Charge Example

| ntroduction

Space Chargeisan effect created by dense beams of charged particles. A high cur-
rent beam from an electron gun exhibits the space charge effect. This example
shows the space charge effect produced by atypical electron gun.

Space Charge models can include the effects of magnetostatic and el ectrostatic
fields or eectrostatic fields alone. This example illustrates electrostatic fields
only with potential s assigned on the el ectrodes. Thusonly air regions are required
(with an additional conductor region being added to terminate the beam). The
complete model is shownin Figure 12.1.

Z[mm] 140.0

120.0

100.0

80.0

PROBLEM DATA
60.0 Linear elements
’ Axi-symmetry
Scalar potential
Electric fields
40.0 No mesh

3 regions

20.0

08,

R [-mm]

19/Aug/97 13:38:30 Page 6 |

V- OPERA-2d

Figure12.1 The complete space char ge model
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Features included in this tutorial are:
» Emitter definitions and files
e Shape H regions

» Space charge analysis module

|
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OPERA-2d Pre Processor

Setting the Pre Processor Environment
Launch the pre and post processor in the normal way. The model will be drawn
with the following settings:
* axi-symmetric coordinates
» Solution type of ELECTRIC field
» SCALAR potential
» Sl dectric unitswith lengthsin mm

Thisiscarried out as follows:

MODEL |
Solution type — Axi symm and potentials — Scalar
Potential

Solution type — Axi symm and potentials — Return
Solution type — Electric Field

A warning message is given stating that the units of magnetic field quantities are
not valid and that unitswill be set to take account of the solution potential change.
The units are set by

UNITS |
SI Units (electric)
Length Unit — millimetre

and resize the display by

]
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DISPLAY |
Axes limits

Chapter 12 - Space Charge Example

Display Axes Limits

Horizontal axis

Left ] 0 ‘

Right ] 150 \
Vertical axis

Bottom ’ 0

Top ’ 150 ‘

Refresh

Building the model

The model is created out of three regions:

» Theregionin front of the emitter (material air)

» The vacuum tube (material air)

» Thetarget (material conductor)

Region 1

A separate region is used near the emitter surface so that the mesh can be well

structured to fit the beam pattern leaving the emitter. Thisis very important for
the convergence of the solution and the accuracy of the results obtained. The
default material definition is accepted for region 1 since this is a vacuum. The
region coordinates, subdivisions and curvature are listed in the table below. XY

coordinate input is suggested in this case.
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MODEL |
Draw regions — New region ...
. Polygon — XY Input

X coordinate = 0

Y coordinate = 0

Line curvature = 0

Subdivision = 1

Bias = 0.5
Accept ‘ ’ Dismiss

Continue the XY input for the following coordinates that make up the region in
front of the emitter.

X Y Curvature | Subdivision
0 5 0 6
25 8.17542 -1/100 20
25 3.17542 0 6

Close the region with

Draw regions — New region ...
. Polygon — Close polygon

Subdivision = 20

Line curvature = 1/100

Bias = 0.5
Accept ‘ ‘ Dismiss ‘

Region 1 is created. Region 2 is also a vacuum region. It is created in a similar
manner, with the following coordinates. (The first 3 points listed in the table
below could be selected using mouse and the At old point option.)

Version 8.5

Y Curvature | Subdivision
0 5 0 20
25 | 8.17542 -1/100 20
25 3.17542 0 6
25 0 0 4
27 0 0 2
27 | 3.71397 0 6
33 10 0 8
33 25 0 8
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X Y Curvature | Subdivision
43 25 0.178885 8
43 0 0 8
75 0 0 5
75 50 0 8
30 50 0 8
30 60 0.2 8
75 60 0 8
75 80 0 4
35 80 0 8
25 100 0 8
25 150 0 15
0 150 0 10
0 100 0 15
0 60 0 20
0 50 0 5
0 20 0 15

Close the region with

Draw regions — New region ...
. Polygon — Close polygon

Subdivision = 12

Line curvature = 0

Bias = 0.5
Accept ‘ ‘ Dismiss

The final region is a conductor region (material 1). It is a feature of the analysis
module that as a particle trgjectory enters amaterial 1 region (conductor region),
thetrajectory terminates and this makes analysismore efficient. The Material type
is set prior to drawing the final region asfollows:

|
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Version 8.5

MODEL |
Draw regions — Region defaults ...
. material type

Material label = 1
Mu or epsilon = 1
Density = 0
Conductivity = 0
Phase/angle = 0
Velocity = 0

‘ Accept ‘ ‘ Dismiss

The region coordinates can again be entered using XY input with the following
values.

Y Curvature | Subdivison
0 150 0 1
0 160 0 1
25 160 0 10
25 | 150 0 1

and the polygon should be closed with

Draw regions — New region ...
. Polygon — Close polygon

Subdivision = 10

Line curvature = 0

Bias = 0.5
Accept ‘ ‘ Dismiss

To view the geometry, display the model with the mesh. Do this using:

DISPLAY |
-Mesh (toggles to +Mesh)
Refresh

Note in particular the triangular mesh in regions 1 and 3. Though the basic input
of the model is now complete, several changes and additions need to be made.
These include changing the shape code of regions 1 and 3 to give a regular mesh
and adding the boundary conditions (i.e. potentials) to the model.

Regions created from the menus are polygons by default. Polygon regions can
have many sides and are appropriate in most cases. However four sided polygon

|
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regions can be converted from polygon shape regions to H or Q shape regions.
The advantage of H or Q shape regionsis that they have a regular mesh.

Regions 1 and 3 are to be converted to shape H regions. This providesameshin
region 1 able to model the space charge distribution more accurately. To convert
the regions:

MODEL |
Change Region — Region numbers

First region =
1
Accept ‘ ‘ Dismiss

Last region

New shape code

Regular quad (H)
Graded quad (Q)
Polygon

OOO .

Background

Change Regions

Return

selecting Reqular quad (H) followed by Change regions.

The same procedure should be applied to region 3, athough the mesh in this
region is unimportant as the beam will terminate as it enters any region that has
material label greater than O.

Refresh the display to see the effects of these changes. The mesh will now appear
asaregular grid in Regions 1 and 3. Use the
DISPLAY |

Zoom in/out

menu item to get a clearer view of the mesh in these regionsif necessary.

Once this has been completed, set the Boundary Conditions (Potentias) of the
model using the following procedure:

MODEL |
Boundary Cond. — Scalar pot — Set Potential
Potential = 0
Accept ‘ ‘ Dismiss

|
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Version 8.5

Boundary Cond — Scalar pot — Set Potential — Apply potential
then click near the edge of region 1, close to the coordinates (12,1).

This assigns 0 potential to this edge. The following potentials also need to be
assigned. To change the value of potential being assigned select Return and set
the potential to a new value. It may also be hecessary to zoom in on some of the
smaller sides so that they can be selected more easily. Figure 12.2 shows the
model with the boundary conditions applied.

X Y Potential

25.1 1 0
26.9 1 0
30 8 0
32 20 0
38 30 0
44 15 0

55 49 50000
24 55 50000
55 61 50000
55 79 100000
30 90 100000
24 120 100000

Error check display: Boundary of meshwith Material Boundaries UNITS
n

Flux den: :
150.0 Field strength : V m”

100.0—

A
A, AA
A,
s,
oS FAS FAS FAS FAS FAS A A A

A Et=0 . PROBLEM DATA
Linear elements

QQAA A A TS A TS A A A
50.0—

AD DA A
‘jAAAAE
0.0 AAAMAAMAAAANAANIANR
00 200 200

Figure12.2 Boundary conditions applied to the model
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Thefina step before saving the model is generating the mesh. This is done with
the following sequence:

MODEL |

Mesh generator — Generate mesh

After the program finishes meshing the model, the outline of the model is drawn
on the screen, as shown in Figure 12.2. A text box appears which displays the
results of the mesh generation. The user should scroll to the bottom of the text box
and verify that there are no errors and/or warnings. Any errors or warnings will
need to be corrected before running the model.
The analysis data may be set up by selecting
File |

Write file — Analysis data
and selecting the space charge solver, with all default settings.

The model now needs to be saved. Save as space.op2 using the following
sequence:

File |
Write file — Write model

and enter space asthefile namein the File Box.

The space charge example model has now been created.

|
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Creating the Emitter Data

Before running the analysis module, the user needs to provide the program with
information which describes the emitter. This is accomplished by defining the
emitter parameters in the preprocessor using the model geometry. The definition
must be saved as filename.emit, where the filename is the same as the model. (i.e.
for file space.op2, the file must be called space.emit)
The emitter fileis created using the following sequence:
Model |

Emitter data — Create new emitter
A message box appears stating

Number of emitters is 1

Pick the emitter line segments using

Model |
Emitter Data — Pick region side

and select the emitter defined, select Add followed by Select side and pick the
line near the coordinates (12,1) and select Accept.

A message box appears stating:

Line segment created in emitter 1
Number of line segment is 1

Arrows are drawn on the screen showing where the particles are to be emitted.
Notice that the arrows are pointing in the negative Z direction which is incorrect
for thismodel. To change the direction so that the arrowswill point in the positive
Z direction:

Emitter Data — Edit emitter data

and select Emitter 1 and Accept. Then select:

Emitter Data — Edit emitter data — Edit Line segment data

and select Segment 1 and Accept. Pressing the Toggle button at the bottom of the
parameter box changes the direction of the particles, and hence the arrows shown
on the display.

Next the emitter datais modified:

]
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Emitter Data — Edit emitter data — (select Emitter 1)
Edit emitter data

and select 1d Lang/Fry (virt. cathode) andfill inthe parameter box as shown:

Parameter Value
Emitter temp (Kelvin) 1273
Work func. (Volts 1.82
Emit const. (A/cm2) 350
Particle mass 1
Particle charge -1
Max. dist. between rays 2

and Accept.

Finally edit the emitter global parameters by selecting Global parameters and
fill in the parameter box as shown:

Parameter Value
Max. trg. step length 2
Absolute trgj. tolerance 0.01
Normal sampling distance 0.1

The emitter data has now been created and must be saved. To do this select
Return, followed by Store an emit file. Fill inthefile box using the filename
space.

Details of the emitter file and different options available are given in the Space
Charge section of the Reference Manual. The accuracy of the solution is depend-
ent on the mesh and the emitter matching correctly. Calculation of the currents
generated in each beam is dependent upon the space charge calculated near the
surface of the emitter. Hence the SHAPE H region was used to generate a uni-
form mesh over this area with the number of elements matching the number of
beams being emitted from the emitter surface.

Now that the space.op2 and the space.emit files exist, the model can be solved
with the Space Charge analysis module.
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Space Charge Analysis

The model is solved using the Space Charge analysis module, SP.

The user should enter the filename space when prompted and Accept the
defaults for the other prompts.
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Post Processing

Chapter 12 - Space Charge Example

Read the model into the post processor. The fileto beread in is space.sp. In addi-
tion to the solution file, the user should note that the table RHO containing the
space charge distribution isautomatically read in. (If the mesh has not been saved,

it will be necessary to remesh the model.)

FILE |
Read file — Read model

Select space.sp from the list of files.

Filename = space.sp
Case = 1
Accept ‘ ‘ Dismiss

Use the DISPLAY menu to view the model:

DISPLAY |
Axes limits

Display Axes Limits

Horizontal axis
Left ] 0 ‘

Right ] 140 \
Vertical axis
Bottom ’ 140 ‘

Top ’ 6 ‘

DISPLAY |

POST-processing

DISPLAY |
Refresh

The potential distribution can be seen by displaying contours with the component

set to POT.

OPERA-2d User Guide

January 2002



Post Processing 12-15

FIELDS |
Component
Component = POT
Accept ‘ ‘ Dismiss
FIELDS |

Contour Plot — Style — Filled zones
Contour Plot — Style — Return
Contour Plot — Number of lines

Number of lines = 50

Accept ‘ ‘ Dismiss

Contour Plot — No refresh (toggles to refresh)
Contour Plot — Execute

The results are shown in Figure 12.3.

140.0 UNITS
Length mm
Z [mm] Flux density :Cm*
Field strength : V m*
120.0 Potential v
Conductivity : S m”
Source density: microC m*
sl Power w
¢ Force N
100.0[ 3 Energy 3
Mass kg
80.0
PROBLEM DATA
60.0 SPACE.SP
Linear elements
Axi-symmetry
Scalar potential
40.0 Electric fields
Static solution
Scale factor = 1.0
= 2649 elements
20.0 1436 nodes
3 regions
048, 50010001300 1600
R [mm]
OCE(J)mponent. POT 50000.0 100000 10/Aug/97 14:56:34 Page 13|
— P J V_ OPERA-2d
Fre and Post-Processor 7012

Figure 12.3 Electric potential distribution displayed on the model

There are severa ways of displaying the tracks calculated by the space charge
analysis program. This includes a display of the tracks over the geometry, while
another isto display athree angle projection.

To display the tracks over the geometry, first select the file containing the tracks
and then display the tracks. First refresh the display

]
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DISPLAY |
Refresh

To select the file containing the tracks.

FIELDS |
Trajectories — Display — Select Track file

Choose the file space _1.tracks

To display the track file on the current geometry:

FIELDS |
Trajectories — Display — Display trajectories

giving the results shown in Figure 12.4.

140.0 UNITS
Length mm
4 [mm] Flux density :Cm”’
Field strength :V m*
120.0 Potential v
Conductivity S m”
Source density: microC m®
Power w
Force N
100.0 Eneray B
Mass kg
80.0
PROBLEM DATA
60.0 SPACE.SP
Linear elements
Axi-symmetry
Scalar potential
400~ Electric fields
Static solution
Scale factor = 1.0
2649 elements
20.0r 1436 nodes
3 regions
0.q W ‘M 8 T O RS R R R
80 ~ 200 400 ' 60.0 0.0 100.0 130.0 160.0
R [mm]
20/Aug/97 11:39:55 Page 6 |
VW OPERA-2d
Fre and Posi-Processor 7012

Figure 12.4 Space chargetracksdisplayed on the model

The charge distribution can be seen by plotting contours with the component set
to RHO.

Component

Component = RHO

Accept ‘ ‘ Dismiss

Contour Plot — Execute

The results are shown in Figure 12.5.
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UNITS
Length ‘mm
Flux density :Cm”*
Field strength : V m*
Potential v
Conductivity :Sm"
‘Source density : microC m”*
Power W
Force N
Energy 3
Mass kg

Z [mm]

PROBLEM DATA
Manual\Feb00\space2.sp
Linear elements
Axi-symmetry
Scalar potential
Electric fields
Static solution
Scale factor = 1.0

2649 elements

1436 nodes
3 regions
L n L n L n L n L n L
080 200 400 600 800 1000 1200 1400 160.0 180.
R [mm]
Component: RHO from)

-2086.822 -1043.411 8.63271E-1. —_—
‘ ? 4 VF OPERA-2d
Pre and Post-Processor 7.502

Figure12.5 Charge Density displayed on the model

This concludes the Space Charge Example.
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